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Abstract
Abstract
Over the last few decades, radiation therapy techniques have been greatly improved, with 
more complex radiation delivery systems such as intensity-modulated radiation therapy 
(IMRT) and stereotactic body radiation therapy (SBRT) being used to treat complex tumour 
shapes. This has greatly increased the demand for more accurate dosimetry systems to 
achieve better targeting of the treatment area while sparing the surrounding normal tissues. 
Ge-doped Si02 telecommunication optical fibres are a potential form of thermoluminescence 
(TL) dosimeter that offers excellent TL yield as well as high spatial resolution, the size of the 
optical fibre (typically - 1 0 0  pm) making it particularly suitable for use in a variety of 
interface dosimetry situations and also for small radiotherapy fields.
Using the Ge-doped Si02 optical fibres as a dosimeter, the work in this thesis aims to present 
measurement of the dose enhancement that can be obtained close to high atomic number 
media. For present purposes iodine and gold have been investigated as generators of 
photoelectrons using 250 kVp photons produced by a Gulmay orthovoltage x-ray machine. 
Additional investigation is made of the dosimetry of small photon field sizes < 4 x 4  cm for 6 
MV energy produced by a Varian linear accelerator.
Results are presented for Ge-doped Si02 telecommunication optical fibres with different core 
diameters. These have first been characterised in terms of linearity, energy dependence and 
glow curve, good linearity to dose being obtained, the fibre with a 50 pm core dopant 
diameter providing the greatest TL yield. Consequently, it was used for dose enhancement 
investigation with iodine and different thicknesses of gold coated to the fibre i.e. 20, 40, 60, 
80, and 100 nm thickness. The experimental results were favourably compared against Monte 
Carlo simulations with FLUKA and DOSRZnrc. The 50 pm core dopant diameter Ge-doped 
Si0 2  optical fibres were also used for dosimetric study of field sizes of 1.0 cm x 1.0 cm, 2.0 
cm X 2.0 cm, 3.0 cm x 3.0 cm and 4.0 cmx 4.0 cm at 1.5 and 5.0 cm depths in a solid- 
water™ phantom. The measurements have been then compared with GafChromic film, a 2D 
array ion chamber as well as with MC simulations with DOSXYZnrc and FLUKA.
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Introduction
Chapter 1
1. Introduction
From the earliest developments of radiotherapy an evolving understanding has been 
that a favourable outcome depends in great part on maximising radiation dose to the target 
while minimising dose to the surrounding healthy tissue. The development of radiotherapy 
continues to be intimately associated with such efforts, dose escalation and conformai 
radiotherapy representing two particularly significant approaches towards achieving such 
ends, both of quite recent history. In regard to dose escalation, a prime example is targeted 
radioimmunotherapy. In regard to this, large efforts are being brought to bear, in particular in 
developing the necessary biochemistry that will lead to selective cellular attachment to cancer 
cells. With well selected emitters, such as Auger-electron emitting radionuclides tagged to the 
biochemical, the work is typically accompanied by simulation of the local dose. Another such 
effort concerns selective delivery of high atomic number nanoparticles to cancer cells, again 
with need to undertake dose simulation, typically using Monte Carlo codes. A remaining 
need is to provide validation of dose through physical measurements, a matter to which this 
thesis will return in due course, acknowledging at the outset that the critical needs are for 
sensitive sub-mm spatial resolution (down to mGy doses and the pm length scale). In regard 
St BJR published data □ ADDIN EN.CITE <EndNote><CitexAuthor>Joint working partly 
of British Institute of Radiology and the Institute of Radiology and the Institute of Physients 
associated with these. Again, the need is for sub-mm spatial resolution and the ability to 
measure doses delivered at dose rates that range from mGy to several Gy per minute, with 
minimal dose-rate dependency as another desirable facet. In both circumstances prior 
investigations have shown that Ge-doped commercially available silica fibres offer a solution 
to these challenges (Bradley et al., 2012, Issa et al., 2010, Abdul Rahman et al., 2010).
In this thesis it is intended to explore the ability of such fibres to measure the dose 
enhancement obtained at the interface between a high and low Z-media and to also measure 
dose distributions across small x-ray fields, each compared against Monte Carlo simulations.
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Introduction
l.l.Motiyation and goals
This study aims to investigate the dose enhancement that is predominantly due to 
photoelectric interactions between high atomic number metals and the x-ray radiation 
energies typically used in superficial therapies, with use being made of germanium doped 
silica (SiOi) optical fibre as the dosimeter. The latter offer a spatial resolution of the order of 
100 pm, allowing measurements to be made close up to the metal convertor, with the fibre 
efficiently sampling the dose deposition from the slowing down of the photoelectrons. 
Moreover, this study also aims to establish Ge-doped optical fibres as the thermoluminescent 
dosimeter of choice for small field (< 4x4 cm) photon radiotherapy dosimetry, use being 
made of a Varian linear accelerator operating at 6 MV, a nominal energy value that is 
popularly used in x-ray teletherapy. The specific aims of the current study can be 
summarised as follows:
1. Characterisation of Ge-doped SiOz optical fibre dosimeter in terms of: dose response 
and linearity, dose rate response and energy dependence for a superficial x-ray beam 
operated at accelerating potential of 80 and 250 kVp as well as for megavoltage 
photon therapy 6, 10 and 15 MV.
2. Investigation of the dose enhancement due to:
i. The popularly used iodine contrast agent, irradiated with low energy x-rays;
ii. Investigation of the dose enhancement due to irradiation with such low energy 
x-rays for different thicknesses (20-100 nm) of gold, atomic number (Z) 79, 
built up as thin layers coated onto the Ge-doped SiOz optical fibres and 
irradiated in a polymethylmethacrylate (PMMA) phantom;
iii. To verify the results, Monte Carlo simulations of the above experiments have 
been carried out using two particular codes; FLUKA and DOSRZnrc.
3. To establish Ge-doped optical fibres as thermoluminescent dosimeters for small field 
(1 cm x l cm, 2 cm X 2 cm, 3 cmx3 cm and 4 cmx 4 cm) photon radiotherapy, 
comparing the measurements against Gafchromic films, hospital commissioning data 
obtained from small ionisation chambers and photon diodes, and Monte Carlo 
simulations with FLUKA and DOSXYZ. Investigations have concerned
© Amani Alalawi
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measurements of beam profiles and output factors, use being made of a customised 
solid water phantom.
1.2.Thesis structure
This chapter is intended to introduce the reader to a number of relevant principles regarding 
external beam radiotherapy techniques, further to also outline the motivation and goals of this 
work and to present the thesis structure. Chapter 2 then gives a review of current literature 
covering the basic radiation interactions of ionising radiation with matter, existing radiation 
therapy dosimeters, the concept of dose enhancement close to high atomic number metals and 
applications extending from this. The Chapter then goes on to provide a discussion of small 
field dosimetry, the associated dosimetric parameters and again the applications extending 
from this. Finally there is a general overview of Monte Carlo (MC) simulations with 
particular reference to the two MC codes FLUKA and BEAMnrc. In Chapter 3 Ge-doped 
SiOz optical fibres are selected and characterised for dosimetry applications in terms of, dose 
response, energy dependence and the glow curve. Measurements of dose enhancement close 
to high atomic number media using optical fibre thermoluminescence dosimeters is presented 
in Chapter 4. A particular feature is the experimental technique that has been used in seeking 
to uniformly coat the selected optical fibres with different thicknesses of gold, the results 
being verified by Monte Carlo simulation using the DOSRZnrc and FLUKA codes. The 
following chapter. Chapter 5, investigates the potential of using Ge-doped SiOi optical fibres 
for small field dosimetry, detailing the various experimental equipment and methods. The 
optical fibre results have been compared against those obtained using the Gafchromic film 
EBT, an ionisation chamber and photon diodes to study the Off-Axis Ratio (OAR), the Beam 
Profile and output factors. The results have also been validated by Monte Carlo simulation 
using the DOSXYZnrc and FLUKA codes. Finally the overall conclusions of this thesis and 
future work are outlined in Chapter 6.
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Chapter 2 
2. Literature Review and Underpinning Theory
2.1.0verview of External Beam Radiotherapy techniques and dosimetry
This section deals with several of the more typical primary sources that are used in external 
beam (tele-) radiotherapy, generally being either kilovoltage x-ray units or megavoltage 
linear accelerators and, nowadays in much more limited numbers, radionuclide sources such 
as cobalt-60 and Cs-137 machines.
2.1.The kilovoltage X-ray unit
The kilovoltage X-ray unit was the first extemal-beam device to be used for radiotherapy, 
playing an important role in the early development of the field, particularly between 1910 and 
1950 (Mayles et al., 2007). In the main, the dosimetry of such fields has been carried out 
using ionisation chambers, with practical limitations on spatial resolution even in using 
extrapolation chambers and the very latest ‘pin-point’ type devices. In present work, it is 
intended to show that commercially available doped silica telecommunication fibres of 
spatial resolution of the order of 0.1 mm can be used as thermoluminescence devices in 
situations that include study of dose enhancement close to high atomic number media (a 
matter upon which the first part of this thesis will concentrate). The sensitivity arises from the 
presence of the dopant in an essentially amorphous silica, the centrally located dopant being 
used in the communication fibre in order to provide the circumstances for totally internal 
reflection. Exposition of the sensitivity to radiation dose will be provided in fuller detail later 
in this thesis. In the study of an enhanced dose at the silica-to-metal interface, use has been 
carried out using a Gulmay orthovoltage x-ray unit (Gulmay Ltd, UK), the location of which 
is in the Radiotherapy Department of the Royal Surrey County Hospital in Guildford (Figure 
2 .1).
In spite of the fact that linear accelerators are nowadays used for most external beam 
treatments including for skin cancers when used in the electron mode, kilovoltage X-ray units 
that are typically energised at a few hundred kVp and below continue to be used in treating 
superficial lesions. Indeed it would seem that that they are perhaps now regaining popularity 
due to their relatively low level of complexity and limited demand upon room space, not least 
in respect of the relatively modest room shielding requirements that these devices demand.
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Advances in x-ray tube design also mean that such units are now capable of delivering a 
highly stable dose-rate, delivering the dose required in a relatively short period of time.
Figure 2.1 Gulmay kilovoltage X-ray Unit, the particular device 
being located at the Royal Surrey County Hospital. This particular 
machine delivers dose at two accelerating potentials, namely 80 kVp 
and 250 kVp
The Gulmay X-ray tube comprises of a metal ceramic bi-polar tube attached to an integrated 
high voltage and cooling system to deliver x-rays produced by accelerating potentials from 
40- to 300 kV with tube currents up to 30 mA. At selected accelerating potentials, the heated 
metal cathode emits electrons that interact with a tungsten target to generate bremsstrahlung 
(i.e. a continuous spectrum) X-rays, providing a maximum energy in kiloelectron volts 
numerically equal to the applied kilovolts (kVp), figure 2.2. To enrich the beam with higher- 
energy photons, attenuation of the lower energy part of the spectrum is obtained through the 
use of one or more different filters with different combinations and thicknesses according to 
the different X-ray energies desired. The filters are mainly made of A1 (atomic number 13)
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and Cu (atomic number 29), the higher the atomic number and density the greater the degree 
of attenuation obtained. To define the field size, different applicators are used, manufactured 
for the Gulmay unit from copper with clear Perspex viewing ends, different treatment lengths 
(focus to skin distance (FSD)) and openings (to accommodate the need for different field 
sizes).
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Figure 2.2 Spectral distribution of x rays typical of superficial x-ray radiotherapy 
devices(Khan, 2010).
2.2.Linear Accelerator (linac)
For deep seated tumours there is need for photons very much more penetrating than that 
available from the kVp units discussed above and a further need to minimise the dose to the 
skin surface, the skin dose tending to limit the ability to deliver a tumourcidal dose. As such, 
in regard to treatment of such tumours, in the 1950s kilovoltage x-ray units were largely 
replaced by Cobalt-60 machines the megavoltage photon beams delivering radiotherapy 
treatment at depth while also providing the necessary skin-sparing effect. Thus said, 
treatment times provided by radionuclide source teletherapy machines need to be corrected 
for decay of activity, the treatment times becoming more protracted with time until eventually 
a source replacement would be required (also acknowledging that there is an associated
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potential for variation in the radiobiological effect of a changing dose-rate). Starting from the 
late 1970s/early 1980s, within the more economically developed countries, such radionuclide 
machines began to be replaced by linear accelerators that offer even more penetrating x-rays 
for treatment of deep-seated tumours, electron therapy for more superficial tumours, elevated 
dose-rates and improved geometrical precision in localisation of the radiation field.
In the linear accelerator (commonly referred to as the linac), high-frequency electromagnetic 
waves are used to accelerate the electrons to high energies, the accelerated electrons either 
being used directly or otherwise being made to impinge on a high atomic number, high 
melting point target in order to produce x-rays. Modem linacs can be used to produce small 
selections of photon energies or accelerated electrons. The options of beam mode and 
energies make linacs a favoured machine type for treatment of different types of tumour, 
from superficial skin treatments to deep-seated tumours using one machine. The accelerator 
waveguide and the x-ray target are mounted on a gantry that enables the beam to be rotated 
around the patient from 0 to 360 degree. The gantry rotation axis is intercepted with the beam 
central axis in a fixed point in space called the isocentre of the linac. In order to ensure that 
only the intended treatment area of the patient is irradiated, the x-ray beam is collimated by 
blocks of lead to have rectangular field or by multi leaf collimators to shape the beam to 
different regular and irregular shapes. In addition, a laser positioning system is used to define 
the machine isocentre and treatment field size. The patient lies on a moveable treatment table 
which is called the couch, with x,y,z controllable motion ; figure 2.3.
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Figure 2.3 Drive stand gantry. (From Greene and Williams, Linear Accelerators for Radiation 
Therapy, Institute of Physics, Bristol, 1997) The counterweight can either be built into the base 
of the gantry as in (a), or a beam catcher can be used. The picture shows a Varian 2100C 
(without beam catcher) without its covers. The klystron can be seen at the extreme left of the 
picture(Mayles et al., 2007).
2.2.Interaction of Radiation with Matter
Photons interact with matter through various mechanisms; however, there are three major 
types that play an important role in medical radiation measurements: photoelectric 
absorption, Compton scattering, and pair production. As a result of these interactions the 
photon energy is transferred partially or completely to electron energy. This happens by 
sudden and abrupt changes in such a way that the photon is either absorbed entirely or is 
scattered through a range of possible angles (Cherry et al., 2003). Figure 2.4 illustrates the 
probability of the dominating interactions versus photon energy E and attenuator atomic 
number Z.
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Figure 2.4 The relative importance of the three major types of photons interaction (Cherry et 
al., 2003).
From Figure 2.4, it is apparent that photoelectric absorption is the predominant interaction for 
low photon energies and higher absorber atomic number, Compton scattering predominates 
for intermediate energy and atomic number and pair production predominates for high photon 
energy and high atomic number.
2.2.1. Photoelectric Absorption
In photoelectric absorption, a photon undergoes an interaction with an absorber atom in 
which the incident photon disappears and its energy is absorbed completely to eject an orbital 
electron which is called a photoelectron. The probability of ejection photoelectron from the 
innermost possible shell is higher than that of outer shells if sufficient photon energy is 
available. For instance, the probability of ejection of a K-shell electron is higher than that of 
L-shell electrons by four to seven times if the required binding energy of K-shell electrons is 
met considering the absorber element. To eject the photoelectron from an electron shell, the 
energy of the incident photon should exceed the binding energy of that shell. The 
photoelectron’s energy is given by:
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E ^ = h V -E ^  Eq. 2.1
Where hv is the incident photon energy 
Eg is the electron energy
is the binding energy of the photoelectron in its original (pre-excitation or ionisation) 
shell.
As a result of ejection of a photoelectron, a vacancy will be created in its place. This vacancy 
will be filled by an outer shell electron and in sequence the energy will be released as photons 
of eleetromagnetic radiation referred to as characteristic (otherwise referred to as x-ray 
fluorescence, XRF) radiation, the differences in electron binding energy being characteristic 
of the particular element. The released energy is exactly equal to the difference in binding 
energies between the two shells (Fig. 2.5).
Alternatively, the energy might be released as an Auger electron, otherwise referred to as an 
Auger event(Meitner, 1922). In this, the energy that results from the filling of the vacancy by 
the outer shell eleetron is transferred to outlying orbital electrons which in turn are emitted 
from the atom instead of characteristic x rays. A schematic of the process is shown in Figure
2.6 (Cherry et al., 2003). For K-shell electrons, the competion between XRF and Auger 
electron production is such that the latter is favoured for low Z and for the former at high Z 
media, produced as a partition between the two. For higher-shells (L etc.), the non-radiative 
Coster-Kronig transition would need to be taken into account(Coster and Kronig, 1935).
10
© Amani Alalawi
Literature Review and Underoinnine Theory
K-shell
vacancy
Electron
Nucleus
Characteristic 
X ray
Figure 2.5 Emission of characteristic x rays due to the rearrangement of the orbital 
electrons from the outer shell to the inner shell (Cherry et al., 2003, Meitner, 1922).
Nucleus
Auger electron
Figure 2.6 Emission of an Auger electron as an alternative to x ray emission in the case of 
K-shell electrons. No x ray is emitted (Cherry et al., 2003, Meitner, 1922).
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The probability of photoelectric absorption is greatest for atoms of high atomic number Z of 
the absorber material and for incident photon energies just above the binding energy of 
electrons in particular atomic shells, expressed in the following equation:
E'
T = c x - ^  Eq. 2.2
where x is the photoelectric attenuation coefficient, c as a constant and E is the energy of the 
incident photon. Thus it is apparent that the probability of photoelectric absorption strongly 
depends on the atomic number of the absorber and energy of the incident photon (Knoll, 
2000). The emitted electron is quickly absorbed (with ranges of the order of a few tens to few 
hundred microns) to provide localised dose enhancement close to high atomic number media, 
an effects which can be used to enhance radiation dose or radiation detector sensitivity, with 
associated different application in radiotherapy.
2.2.2. Compton Scattering
Compton scattering is an interaction between a photon and a loosely bound outer shell orbital 
electron of an atom. In practical terms it has the appearance of an interaction between a 
photon and a “free” electron since the incident photon energy greatly exceeds the binding 
energy of the electron to the atom. In this interaction, the incident photon gives some of its 
energy to the electron which as a result is emitted and is referred to as a recoil electron; the 
incident photon is scattered through an angle 0. The energy of the scattered photon is given 
by equation (2.3) (Cherry et al., 2003).
r = _______
'' E , Eq. 2.3
1 + — ^ ( 1 - c o s  0)
TMoC
where E  ^is the energy of the scattered photon, moc  ^is the rest mass energy of the electron = 
0.511 MeV, Ey is the energy of the incident photon (Cherry et al., 2003).
Compton scattering is almost invariant with Z and E and is dominant interaction for 
intermediate values of Z and E (Cherry et al., 2003). From Eq. (2.3) the maximum energy 
transferred from the incident photon to the scattered electron is when the scattering angle 0 is
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180°, whereas the minimum energy transfer results when the scattering angle 0 is 0°. The 
angular distribution of scattered photons can be calculated using the Klein-Nishina 
formula(Knoll, 2000, Klein, 1929). The Compton scattering process is illustrated in figure
2.7.
S ca tte red  photon 
of lower energy
0, Scattering  angle
Incident
photon
^0 E jected Com pton 
recoil electron
N ucleus
Figure 2.7 Diagram demonstrating the Compton scattering process (Cherry et al., 
2003).
2.2.3. Pair Production
Pair production is only energetically possible if the energy of the incident photon equals or 
exceeds twice the rest-mass energy of an electron (1.022 MeV). The probability of this 
interaction increases as the photon energy increases. The incident photon energy is absorbed, 
to be replaced by an electron-positron pair, any excess energy above the 1.022 MeV required 
to create the pair going into kinetic energy, shared equally by the positron and the electron. 
When the positron is stopped in losing its kinetic energy, it combines with a negative electron 
and annihilates. The annihilation creates two annihilation photons as secondary products of 
the interaction (Cherry et al., 2003). Figure 2.8 shows a schematic of the processes of pair 
production and electron-positron annihilation.
The probability of the pair production interaction increases as the photon energy increases; 
above 1.022 MeV, also increasing as the absorber atomic number increases. As such, it is a 
predominant interaction at high photon energy and atomic number (Cherry et ah, 2003).
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Figure 2.8 Schematic illustrations of pair production and annihilation(Cherry et al., 2003).
2.2.4. The Mass Attenuation Coefficient
Calculation of the mass energy absorption coefficient is an important quantity in 
radiotherapy, contributing to predictions of the biological effect of radiation since it allows 
the evaluation of energy absorbed in the tissue (Khan, 2010). In regard to the interactions 
previously described, x-rays attenuate by scattering and absorption in the absorber medium.
Basic attenuation of a direct beam of photons in matter is described by the Beer Lambert law:
/ = Eq. 2.4
where I is the transmitted photon intensity, lo the incident photon intensity, p the linear 
attenuation coefficient and x: thickness of the absorbing material.
The value of p depends on the photon energy, atomic number and density of the medium in 
which the interactions take place. The attenuation produced in a thickness x of a medium 
depends on the number of atoms present in the sample under investigation and hence for this 
p is divided by the density of the medium p, resulting in a quantity referred to as the mass 
attenuation coefficient which is independent of the density and typically has dimensions of
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cm^/g (although strictly speaking should be expressed in SI units, as m^/kg). The latter 
quantity depends on the atomic number of the medium Z (or the effective atomic number Zeff 
if the medium is constituted of various elements) and photon energy E. The mass attenuation 
coefficient versus photon energy has been tabulated for different materials by J. H. Hubbell+ 
and S. M. Seltzer (Hubbell and Seltzer, 1996). The plotted attenuation coefficient is the total 
attenuation due to the various interactions, including the three interaction mechanisms 
discussed above.
2.3.Radiation Therapy Dosimeters
2.3.1. Ionisation Chamber
The ionisation chamber remains the gold standard dosimeter in the radiotherapy clinic for 
absolute and relative dose evaluations, offering sensitive, high accuracy measurements. 
Ionisation chambers (often simply referred to as ion chambers) are available in various 
shapes and size depending on the dosimetric applications for which they are required. Most 
essentially, it remains the case that a typical ion chamber is a cavity filled with gas, 
surrounded by a conductive outer wall of graphite with a central collecting electrode; figure 
2.9. A high quality insulator separates the wall and the collecting electrode in order to 
minimise leakage of the current that is produced when the polarising voltage is applied to the 
chamber. X-rays interact with the gas when passing through the chamber, resulting in ions 
along their tracks i.e. positive ionised atoms and negative electrons. The electrons move to 
the positive electrode inducing the current. The total number of charged particles is evaluated 
by an electrometer. This number is proportional to the dose deposited within the air volume 
(Podgorsak, 2005).
p-PPPP Graphite Central electrode
Insulator / Outer electrode
/ \
Durai
Figure 2.9 Basic design of a cylindrical farmer type ionisation chamber(Podgorsak, 
2005).
15
© Amani Alalawi
Literature Review and Underpinnine Theory
The main limitations of ionisation chambers are stem leakage, in which the ionisation 
chamber records ionisation produced outside of its sensitive volume, ion recombination 
losses when the chamber voltage is insufficient to collect all of the charged particles, 
electrical leakage that might occur in the various chamber components e.g. cables, 
determination of the precise air volume, impacting on the spatial resolution (Khan, 2010, 
Mayles et al., 2007). Nevertheless, small volume chambers are available for small field 
dosimetry. These are constructed to have low leakage, of the order of lO'^^A.
2.3.2. Film Dosimetry
2.3.2.I. Radiographic film
Film dosimeter has been popularly used in radiotherapy, most typically in order to verify that 
the patient set-up is correct, starting from checks of congruence of the light-field (a facility on 
extemal-beam therapy machines which is intended to indicate the location of the radiation 
field) and radiation-field, as well as the beam homogeneity of the extemal-beam therapy 
device. These applications enjoy the advantage offered by film of high spatial resolution, 
high sensitivity and high contrast.
A radiographic film typically consists of a radiation sensitive emulsion (silver bromide 
(AgBr)) crystals embedded uniformly in a thin plastic base. When the film is exposed to 
radiation, atoms of the silver bromide (AgBr) are ionised, resulting in a latent image (film 
blackening) which is the key mechanism employed in use of radiographic film. The latent 
image is then amplified and made visible by chemical development. In detail, as a result of 
the interactions between the incident photons and the silver bromide, free electrons are 
generated inside the crystals. These fi"ee electrons are trapped on impurity molecules that are 
typically referred to as sensitivity specks. These negatively charged sensitivity specks attract 
free silver ions, recombining to form silver atoms on the surface of the sensitivity speck.
After irradiation, three steps of subsequent processing are applied. In the first, the film is 
developed using an alkaline, electron rich, solution which supplies electrons to the interior of 
the crystal. Then, the film is fixed using an acidic fluid to stop the latent image from 
developing. Finally, the film is washed in pure water to remove most of the fixer and 
developer solutions before it air dried. The appearance of the dark area in the irradiated film 
is a net result of the metallic silver that is deposited during latent image processing. The 
degree of film darkening after irradiation and processing can be measured by a densitometer
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which determines light transmission intensity, being a measure of the absorbed radiation 
(Mayles et al., 2007, Podgorsak, 2005). It is of course essential that much of the processing 
take place under highly darkened conditions, with control of temperature and solution 
concentrations being further requirements for consistent, reproducible results.
2.3.2.2. Radlochromic film
Radiochromic film is constituted of a thin plastic film saturated with radiation-sensitive 
chemicals or radiochromic dyes. The radiochromic film uses a polymerization process, in 
which energy is transferred from an energetic photon or particle to the receptive part of the 
dye or colourless photomonor molecule, causing colour formation through chemical 
changes.(Niroomand-Rad et al., 1998)
Desirable features such as self-development, daylight handling and near tissue-equivalence, 
makes radiochromic film dosimetry valuable for medical dosimetry work compared to other 
micro size detectors(McLaughlin et al., 1996, Klassen et al., 1997, Niroomand-Rad et al., 
1998). Radiochromic film also has high intrinsic spatial resolution which is particularly 
useful for analysing small fields (McLaughlin et al., 1991).
The high resolution of radiochromic film has been well demonstrated in a study carried out 
by Lee et al. (Lee et al., 2006). The results showed that a high resolution radiochromic film 
dosimeter verified small-field stereotactic radiosurgery plan doses, with a 2% difference 
between the planned and measured values. Radiochromic film has also been proven to be 
able to measure a large range of doses, Devic et al.(Devic et al., 2009) reporting that the EBT 
type Gafchromic™ film can measure doses from 0.2 Gy to 100 Gy. Chelminski et al. 
(Chelminski et al., 2010) investigated the energy dependence of Radiochromic dosimetry 
films for use in radiotherapy, concluding that Gafchromic EBT film does not show energy 
dependence for the conditions typical of IMRT, whereas for doses measured for pre­
treatment plan verifications (< IGy) high uncertainty was observed in readout of PV. This is 
due to the low signal to noise ratio of the scanner for materials with low optical densities.
One disadvantage of radiochromic film is the fact that it is single-use only detector, cost- 
effectiveness being a major consideration if future implementation of these for routine 
dosimetry is intended. In addition, it would not be effective for complex geometry treatment 
plans, being unable to deal with 3D dose measurements. Currently, radiochromic films are
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used as a standard tool for measurements in solid phantoms, qualitative dosimetry and quality 
assurance (Chelminski et al., 2010).
2.3.3. Semiconductor Dosimetry 
Silicon diode detectors:
The Silicon diode dosimeter is a p-n junction device. The diodes are formed by taking p-type 
or n-type silicon and counter-doping the surface to produce the opposite type material. 
Depending upon the base material, these diodes are designated as either n-Si or p-Si type 
dosimeters (Podgorsak, 2005).
When the silicon diode is irradiated, electron-hole pairs are created causing electrons 
diffusion in the conduction band and the hole states in the valence band. Notwithstanding the 
small volume ( ~ 0.3x10'^ cm^ ) of the diode(Bucciolini et al., 2003), it can provide for high 
sensitivity, a real-time response and good spatial resolution. Therefore it has been used for 
radiotherapy dosimetry; in particular, for measurements in phantoms; for instance, small 
fields photon or high dose gradient areas such as the penumbra region. In addition, they are 
used for measurements of depth dose in electron beams as well as for in vivo dosimetry 
(Podgorsak, 2005, Mayles et al., 2007). Moreover, their ability to provide real time response 
is a distinct advantage over the TLDs. Nevertheless, their need for cable connection is one of 
the drawbacks in their use, as are the variations in response of accumulated dose with dose 
rate, temperature and directional effects (Mayles et al., 2007).
Diamond detectors:
Being carbon, the atomic number of diamond is 6, comparing favourably with that of soft 
tissue, Zeff = 7.4, making it almost a tissue equivalent dosimeter, practically negating any 
need for energy response corrections (Rustgi, 1995, Podgorsak, 2005). It is also typically 
small volume -  1.4 x 10'  ^cm"  ^ (Bucciolini et al., 2003), providing for good spatial resolution 
capability and it is also relatively insensitive to radiation damage. Therefore, it has 
considerable potential for use as a dosimeter in photon fields that involve steep gradients 
(Rustgi, 1995). In contrast with ion chambers, the required energy to produced one charge 
pair is very much less in solid state dosimeters than in ion chambers, by ~ 1/6 (Planskoy, 
1980), with resultant high sensitivity^ While diamond detectors are almost tissue equivalent, 
certainly compared to silicon diodes (Z=14), silicon diode devices have typically been more 
commercially available than diamond, due in part to the related difference in price (Planskoy,
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1980). However, (PTW Riga type 60003) is the only commercial natural diamond detector 
available to date(Aspradakis et al., 2010) and considerable amount of literature has 
generated out of it(Planskoy, 1980, Vatnitsky and Jarvinen, 1993, Rustgi, 1995, Rustgi and 
Frye, 1995). Diamond detectors have an energy dependence as they have a stopping power 
and mass energy absorption ratio similar with soft tissue(Heydarian et al., 1996).
A non-commercial device that is synthetic chemical vapour deposited (CVD) diamonds has 
been studied and shows a good results comparing to Riga diamond dosimeter (Buttar et al., 
1997, Buttar et al., 2000). The applications of using CVD for small field photon field is on­
going research (Tromson et al., 2010).
MOSFET:
The Metal-Oxide Semiconductor Field Effect Transistor (MOSFET) is a sandwich-type 
device, consisting of a p-type silicon semiconductor substrate separated from a metal gate by 
an insulating oxide layer. A positive mirror charge is built up in the silicon as a result of a 
negative bias applied to the gate. Consequently, current passes through the silicon substrate 
from the source to the drain terminal. The conduction through the MOSFET occurs due to the 
gate voltage which is called the threshold voltage. When the MOSFET is irradiated, pairs of 
electron hole are formed in the oxide insulation layer. As a result of the applied positive 
potential to the gate, the electrons travel to the gate while the holes migrate and are trapped in 
the oxide silicon interface. Because of these trapped positive charges, a shift in the threshold 
voltage occurs. The radiation dose deposited in the oxide layer is proportional to the 
threshold voltage shift. The use of MOSFET for radiotherapy dosimetry has several 
established advantages including instant readout, the simple calibration procedure and a 
highly reproducible response of the individual MOSFETs. However, the disadvantages of 
using a MOSFET include the necessity of cable connection, a poor signal-to-noise ratio and 
they are not recommended for small field dosimetry (Ramani et al., 1997, Podgorsak, 2005, 
Francescon et al., 1998)
2.3.4. Thermoluminescence (TL) Dosimetry
2.3.4.I. The concept of luminescence in solids
(Chen and W.S.McKeever, 1997) have described luminescence as the emission of light from 
a material following the initial absorption of energy from an external source e.g. ultraviolet or 
high energy radiation. The time between absorption of excitation energy and emission of the
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luminescence is called the characteristic life time x. Depending on this time, there are two 
types of emission; fluorescence and phosphorescence. For a fluorescence emission x < 10'  ^ s, 
whereas for phosphorescence x > a few seconds.
When the radiation energy is absorbed by the electrons of the solid, they are excited from a 
ground state g to an excited state e (transition (i) in figure 2.10a). When an excited electron 
returns back to its ground state, the emission of a luminescence photon takes place (transition 
(ii)), being mainly fluorescence because the delay between transition (i) and (ii) is less than 
lO'^s. This transition is temperature independent.
If a metastable level m is present in the forbidden energy gap between g and e, the excited 
electron from g to g can be trapped at m and remain there until sufficient energy E is given to 
it in order for it to return to the ground state with the result of emission of light. Therefore, 
the time the electron spends in the electron trap m corresponds to the delay time that is 
observed in phosphorescence emission (McKeever, 1988).
(ii)
Figure 2.10 Energy transitions involved in the production of (a) fluorescence and (b) 
phosphorescence.
The type of energy used herein in order to free the electron from level m to the ground state 
in radiation dosimeter is heat, therefore this phenomena is called thermoluminescence (TL) 
and the dosimeter is called a thermoluminescence dosimeter (TLD) (Chen and 
W.S.McKeever, 1997).
2.3.4.2. Thermoluminescence dosimeter system
The thermoluminescence dosimeter system comprises of:
- The thermoluminescence dosimeters.
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A TL reader which consists of a heating element, a PM tube, one or more electronic 
networks.
Computing converter to convert the response of the reader which is the TL signal to 
dose.
An oven for the thermal treatments of the dosimeters, typically referred to as the 
annealing process.
Any complementary instrumentation or facility to work alongside the main 
components; for instance, calibration sources; a programme that is able to 
deconvolute the glow-curve, to make an automatic estimation of the background, to 
calculate the average TL values and so on (Furetta, 2003).
2 3.4.3. Thermoluminescence readout system
High 
Voltage Amplifier
TLD Sample
=r Grounded
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P^V^ er Supply
Figure 2.11 Schematic diagram illustrates apparatus of the TLD reader (Khan, 2010).
Essentially the TLD reader comprises of a planchet where the irradiated thermoluminescence 
samples are placed and heated for a reproducible heating cycle and a photomultiplier tube 
(PMT) to measure the emitted light converting it into an electrical current such that the 
signal is proportional to the relative light intensity, all being placed inside a light-tight 
containment. The electric signal in turn is amplified through an amplifier and measured by a 
recorder (Khan, 2010). The recorder is usually a PC connected to the TL reader, allowing 
recording and analysing of the received glow curves; figure 2.11, ( this will be described in
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section 2.3.4.4) (Furetta, 2003). Nitrogen gas is made to flow over the planchet to inhibit the 
generation of any spurious signals by reducing oxidation of the thermoluminescence medium 
(Furetta, 2003).
2.3.4.3.I. Heating cycle
The purpose of the heating cycle applied to the TL medium during the process of readout in 
the TLD reader is to liberate electrons from traps and to use this stimulated relaxation, that 
appears in the form of thermoluminescence light to equate with the dose received by the TL 
medium. The thermal cycle is phased to cause initial deliberate loss of the superficial (low 
temperature) traps, which since they are subject to fading effects are are not taken into 
account in evaluating the dose, and at much higher temperatures to remove electrons from 
deep traps. These phases are detailed below. The heating cycle consist of the following three 
stages:
Preheat phase or pre-read phase. In the preheat stage, the phosphor is heated to low 
temperatures to remove electrons from superficial traps, therefore removing low-temperature, 
unstable, glow curve peaks that form the basis of the fading problem. The preheat 
temperatures are lower then the read-phase temperatures that interrogate the deeper, stable, 
trapping levels (Hashim, 2009).
The second stage is the reading phase, the phosphor being heated to a more elevated 
temperature than that achieved during the preheat phase, thereby securing release of more 
deeply trapped electrons, the TL-yield from such releases being recorded. The readout phase 
starts directly after the preheat phase, the temperature being raised to a sufficiently high level 
to secure stable-trap releases, enduring for a programmed period of time. The light released 
throughout this period of time is integrated, representing the TL-yield (Hashim, 2009).
The final phase is the annealing phase, carried out at higher temperature in order to erase any 
residual irradiation memory from the dosimetric material (in other words the more deeply 
trapped electrons that require release temperatures which would add to infrared glow from 
the cavity, an untoward effect). In other words, the desire is to return the thermoluminescent 
dosimeter to initial conditions, namely those existing prior to irradiation, being crucial for the 
stable performance of any TLD system. The annealing procedures are typically rather similar
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for most thermoluminscent material, exceptions being for those TL media that require more 
complex annealing procedures, such as LiFMg,Ti.
The annealing process is subsequently continued using an oven in which the 
thermoluminescent material can be heated up to a pretermined temperature and kept at this 
elevated temperature for a substantial period of time before cooling down to room 
temperature. There are three types of annealing treatments:
• Initialisation treatment: this treatment is used for new (fresh or virgin) TL to 
stabilise the trap levels(Furetta, 2003), so TLD sensitivities and backgrounds are 
standardised (McKinlay, 1981) .
• Erasing treatment or standard annealing (also called pre-irradiation annealing or 
post-readout annealing): this treatment is carried out before using the TLD in new 
measurements, erasing any previous residual irradiation effect which may remain 
stored in the TL medium after the readout.
• Post-irradiation or pre-readout annealing: this type of thermal treatment is used to 
erase the low-temperature peaks that might be found in the glow-curve structure, not 
least because these peaks are normally subject to relatively rapid thermal decay 
(fading) such that they should not be included in the readout to avoid any errors in the 
dose determination (Furetta, 2003).
2.3.4.4. The glow curve
This is the plot of the thermoluminescence yield intensity. I, as a function of the sample 
temperature during read out (Figure 2.12). In crystalline media, each glow peak is associated 
with a particular (localised) trapping level in the thermoluminescence material such that in 
principle they are well-differentiated. As such, the glow curve may be formed by several 
peaks, the numbers of which will depend on what fraction of them can be resolved in the 
overall glow curve (Furetta, 2003). The dosimetric peak should be high enough to be not 
affected by room temperature and low enough to be not interfering with black body emission 
from the heating planchet. If proper calibration is used, then the area under the appropriate 
portion of the glow curve can be correlated with the locally deposited dose (Podgorsak, 
2005).
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Figure 2.12 A typical glow curve of LiF:Mg, Ti measured with a TLD reader at a 
low heating rate (Podgorsak, 2005).
2.3.5. Chemical Dosimetry 
2.3.51. Gel Dosimeters
As complex radiotherapy delivery techniques can require dosimeters that are able to measure 
complex three-dimensional dose distributions accurately and with good spatial resolution, 
polymer gel is emerging as a new dosimeter. The aim of this brief review is to present a 
practical overview of polymer gel dosimetry, including gel manufacture, imaging, calibration 
and application to radiotherapy verification.
The dosimeters consist of a gel matrix, in which a solution of acrylic molecules is suspended. 
These molecules polymerize upon exposure to radiation, with the degree of polymerization 
being proportional to absorbed dose. The polymer distribution can be measured in two or 
three dimensions using MRI or optical tomography and after calibration; the images can be 
converted into radiation dose distributions (Oldham et al., 2001).
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The manufacture of the gel is reported to be reproducible, with measured doses in the range 
0-10 Gy that are accurate to within 3-5%. In-plane image resolution of 1mm is achievable, 
with image slice thicknesses of between 2-5 mm; this resolution is typically achievable using 
clinical 1.5T MR Scanners and standard T2 weighted imaging sequences. The gels have been 
used to verify a number of conventional and novel radiotherapy modalities, including 
brachytherapy, IMRT and SRS. All the studies have confirmed the value and versatility of the 
dosimetry technique (Oldham et al., 2001, Baldock et al., 2010). The dose information of an 
irradiated gel can be read out using different imaging techniques based on the specific 
physical change that has taken place. The three most-extensively used imaging techniques for 
polymer gel dosimetry are MRI, optical-CT and x-ray CT. New types of dosimetric 
techniques were introduced by Maryanski et al. with the use of MRI and optical scanning 
showing that in clinical radiation therapy the polymerized region provides a linearly 
proportional region to absorbed doses ranging from 0 - 1 5  Gy(Maryanski et al., 1996).
Considering 3D gel dosimetry, precision and dosimetric and spatial accuracy need to be 
considered, as in the final result of a measurement, the spatial and dosimetric dimensions are 
interrelated. In the measured spatial dose distribution of a 3D gel dosimetry experiment, it is 
not theoretically possible to extract both dosimetric and spatial errors as there is no 3D ‘gold 
standard’ with which to compare, so gel dosimetry experiment might be repeated many times 
to improve the measurements(Baldock et al., 2010).
Gel dosimeters have been introduced in gamma knife radiosurgery, showing good agreement 
between the measured and calculated dose profiles. Using the polymer gel-based dosimeter 
for the verification of stereotactic procedures has more advantages when compared with other 
dosimetric systems. The dosimeter itself is tissue equivalent, three-dimensional dose 
distributions can be measured and the dosimeter allows simulation of the therapeutic 
procedures (Oldham et al., 2001). Introducing gel dosimetry to small field dosimetry would 
allow the elimination of problems such as volume averaging problems, set-up errors and 
detector perturbation effects. Gel dosimeter can and should become a useful tool in clinical 
practice for small field in modem radiotherapy techniques.
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2.4.Dose Enhancement Close to High atomic number Metals
2.4.1. Origin of Dose Enhancement
The energy absorbed from any type of radiation per unit mass of the absorber is defined as 
the absorbed dose or simply dose, measured in the unit of Gy. As described previously, due 
to the different interactions between photons and absorber electrons, photons transfer energy 
to the electrons. The energetic electrons then lose their excess energy by collisions with other 
electrons in the material, resulting in a large number of secondary electrons of various 
energies. The secondary electrons are less energetic, so that they lose their excess energy in a 
finite distance (of the order of some few cm to a few tens of cm in air and of the order of a 
few microns to 10’s of microns in more substantial matter). Low energy x-rays interact with 
matter predominantly by the photoelectric process, strongly depending on the atomic number 
(Z) of the absorber material. Secondary electrons are produeed in relatively large numbers for 
high Z materials such as gold and platinum, Z=79 and 78 respectively, dose enhancement 
arising primarily from the increase of the deposited energy from such secondary (photo-) 
electrons. Since dose enhancement is due to photoelectrons set free of binding to the atom 
effect, the incident photon energy must be equal to or greater than the K shell binding energy. 
However, given the spectral distribution of the x ray beam, the average x ray energy is 
typically around one-third of the maximum energy (Khan, 2010). The typical spectral 
distribution of bremsstrahlung x rays is shown in Figure 2.2.
2.4.2. Dose enhancement factor (REF)
In order to quantify the dose enhancement effect, a dose enhancement factor (DBF) is used. 
DBF is the ratio of the dose deposited in the phantom with a target (photoelectron convertor) 
in place, divided by the dose deposited in the phantom without the target.
2.4.3. Dose Enhancement Applications
In the present study, enhancement of the given dose by using high atomic number media has 
been investigated for application in radiotherapy treatment. Associated with this has been 
investigation of the potential of using Ge-doped optical fibres as a high spatial resolution 
dosimeter to measure the dose enhancement. There are a number of potential clinical 
applications in making use of the dose enhancement and Ge doped optical fibres. However
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one of the possible applications is to use them in treatment of the synovial membrane 
inflamed by rheumatic arthritis, an autoimmunal disease.
2.4.3.I. Synovial Membrane and Radiation Synovectomy
The synovial membrane is a smooth structure that connects bones and joints; Figure 2.13. 
Inflammation of the synovial tissue which lines the joints (synovitis) and tendons is one of 
the characteristic effects of chronic rheumatoid arthritis. This inflammation leads to joint 
swelling and pain. If not treated this can lead to immobility (Paleolog, 2009), being 
manifestly debilitating and also adding considerably to the national health budget of nations 
with aging populations. Rheumatoid arthritis (RA) is a chronic inflammatory disease, with a 
prevalence of about 1% in most parts of the world.
The main treatments of chronic synovitis are; chemical, surgical or radiation synovectomy. In 
chemical synovectomy, osmic acid is deposited in inflamed synovial tissue and synovial fat 
inducing necrosis of the inflamed synovial membrane (van der Zant et al., 2007). Although 
they attack and destroy the inflamed synovium, they are highly toxic and capable of 
damaging the joint (Deutsch et al., 1993). Surgical synovectomy is usually employed in 
severe cases to remove the inflamed joint lining but the diseased synovium often regrow with 
recurrence of symptoms (Deutsch et al., 1993). The third option is radiation synovectomy 
where to-date small particles labelled with beta-emitting isotopes are injected intra-articularly 
in a synovist, eventually distributing over the surface of the synovium (van der Zant et al., 
2007, Deutsch et al., 1993). However, one particular disadvantage of such radiation 
synovectomy is the leakage of radioactive material from the cavity resulting in delivery of 
radiation dose to non-target organs. In addition p-dose can be delivered well beyond the 
thickness of the synovium. Therefore, this study investigates other ways to minimize 
radiation dose to non target organs. With regard to this, the study seeks to make use of x-ray 
induced photoelectron dose enhancement at the treatment site in the use of the combination of 
high atomic number media and low energy x-ray radiation.
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Figure 2.13 Structure of a typical synovial joint(Tortora and Derrickson, 
2009).
2.4.3.2. Dose Enhancement in use of high atomic number Media
An iodine contrast medium (an example of a high atomic number medium; Z=53) can safely 
be used within the body. An initial study of this using x-rays was made at Surrey by 
(Rahman, 2011).
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In present studies, experimental evidence has first reconfirmed the signifinant dose 
enhancement factor that is to be had in using iodine contrast medium. Present interest has 
then been extended to the potential use of Ge-doped SiOz optical fibres in measuring 
photoelectron enhancement resulting from the use of other moderate to high-Z media, in 
particular in regard to various media with potential application in radiation synovectomy. 
Using commercially available Ge-doped SiOz optical fibres, measurement has been made of 
photoelectron dose enhancement, the optical fibres now being coated with different metals 
gold, platinum, tin, silver, and copper. The investigation has been extended by coating with 
different thicknesses of gold to study the optimum thickness for high dose enhancement with 
the potential to be used in radiation synovectomy.
2.5.Small field dosimetry
2.5.1. Definition of small MV photon field
A small field is defined as a field with a size smaller than the lateral range of charged 
particles (Alfonso et al., 2008). As such, small field dosimetry relates to radiation field widths 
in the range from 4.0 down to 0.4 cm. Small photon fields are used in stereotactic 
radiosurgery (eg using for instance units marketed under such commercial names as Gamma 
Knife, and CyberKnife) as well as in intensity modulated radiotherapy (IMRT, 
Tomotherapy), where mini or micro Multi-Leaf Collimators (MLCs) create fields of 1 cm x 
1 cm or even smaller (Aspradakis et al., 2010). Dose determination in small photon fields is 
an important and challenging task, acknowledging that in order to achieve the overarching 
aim of needing to deliver the highest possible dose of radiation to a tumour while at the same 
time sparing normal tissue, accurate dosimetry with high spatial resolution being required. 
The small field dosimetry is not in compliance with the standard field protocols, so it is 
classified as a non-standard field.
2.5.2. Small Field Dosimetry Challenges
Many challenges are presented in small field dosimetry, primarily in respect of two reasons 
(Rice et al., 1987, J. Das et al., 2008). The first reason is that partial occlusion of the direct 
photon beam source occurs as a result of collimating a beam from a finite width source, so 
that as the field size decreases only part of the source area can be viewed from the point of 
view of the detector; figure 2.14. This will result in a drop in output. The change in full width 
at half maximum (FWHM) will cause an overestimation of the field size as illustrated in
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figure 2.15. Additionally, as a result of source occlusion, the beam is sharper with steeper 
dose gradient at its edges, i.e. the penumbra becomes narrow and less extended (Zhu et al., 
2000, Zhu et al., 1995, Sharpe et al., 1995, Zhu and Bjarngard, 1994, Zhu and Manbeck, 
1994, Munro et al., 1988, J. Das et al., 2008).
Full viaw ofMtendcd diract bMin sourct Partial view of extended direct beam source
Danumbra fu l oitEui Dtnumbra
Figure 2.14 Illustration of direct beam source occlusion (Aspradakis et al., 2010).
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Figure 2.15 The effects of source size and beam shaping geometry on the output 
of a small field: (a) 6 x 6 mm^ and; (b) 24 x 24 mm^. Both field sizes are defined 
by the micro multi-leaf collimator (mMLC) and the variations are caused by 
different settings of the auxiliary jaws (George et al., 2006).
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Secondly, as the field becomes comparable to the secondary electron range, for instance at 
around 15 mm in water for 6 MV photons, the lateral electronic disequilibrium increases. As 
a consequence, the dose uniformity is inconsistent across the field which will affect the 
absorbed dose on the central axis as well as the shape of the transverse beam profile 
(Aspradakis et al., 2010).
Taking these issues into account, it is therefore important to carry out dosimetric 
measurements for small field photon therapy using a small detector, namely using one that is 
smaller than the beam size, also having high spatial resolution because if it is done with a 
poor spatial resolution device then the measured dose will be lower than the true value due to 
volume averaging. This would lead to overdosing of the patient (Bjarngard et al., 1990, 
Westermark et al., 2000, Mack et al., 2002, Sanchez-Doblado et al., 2003, Manolopoulos et 
al., 2009). Some of the detectors used for small fields are the PinPoint ionisation chamber, 
polymer gel, Gafhchromic film and the diamond detector. These detectors have their own 
advantages and disadvantages in their use for small field dosimetry. The detailed descriptions 
of these detectors will be discussed in chapter 5.
2.5.3. Dosimetric Parameters
2.5.3.1. Off Axis Ratio OAR ( Beam Profile)
The off axis ratio (OAR) is defined as the ratio of dose at a point away from the central axis 
to the dose at the point on the central axis at the same depth. A plot of the variation of OAR 
with distance x from the central axis is known as a beam profile (Mayles et al., 2007).
2.5.3.2. Percentage depth dose PDD
The percentage depth dose (PDD) is one of the basic measured quantities firom which many 
of the other radiation therapy parameters are derived. Referring to Figure 2.16 it is defined as
Eq.2.4
Where PDD (d. As, SSD) is the Percent Depth Dose at Depth d in tissue for field size As at 
surface at Source to Surface Distance SSD.
D(d, As, SDD) is the Absorbed Dose on the central axis at depth d in tissue with surface at 
Source to Surface Distance SSD for field size As at surface.
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D(dmax, As, SSD) is the absorbed dose on the central axis at depth dmax in tissue with surface 
at Source to Surface Distance SSD for field size As at calculation point(Mayles et al., 2007).
S o u rce
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Figure 2.16 Illustration of PDD where d is any depth and dmax is the reference depth of 
maximum dose (Mayles et al., 2007).
2.S.3.3. Relative output factor ROF
Relative output factor is defined as the ratio of the output at the reference depth dref in a full 
scatter phantom for a given field size to that for the reference field geometry.
H Q p  =  ^  (.dref>^'>SSD) 
D (dref ,A .SSD)
Eq. 2.5
Where D ( dref, A , SSD) is the absorbed dose on the central axis at depth dref in phantom with 
surface at Source to Surface Distance SSD for a given field size A and D ( dref. A, SSD) is 
the dose of the reference field A (10 cm x 10 cm) at the same depth.
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Figure 2.17 Diagrams to show definition of output factor (a) Dose in phantom at 
reference depth for a given field, (b) Dose at the same depth for a reference field size 
(Mayles et al., 2007).
2.5.4. Small Field Applications
Small radiation fields are created in a variety of ways in order to treat a multitude of different 
cancers and tumours, each accompanied by its own advantages. IMRT creates small radiation 
fields, using a multi-leaf collimator, in order to treat a multitude of cancers. The small beams 
allow for specific areas of the tumour to be targeted, the collimators being used to shape the 
field to that tumour. As the linear accelerator rotates around the patient, the shape of the field 
is adjusted to ensure that a high precision dose is delivered to the tumour while the dose to 
the surrounding tissue is minimised (J. Das et al., 2008).
Helical Tomotherapy combines IMRT treatment with 3-D inverse treatment planning and 3- 
D MVCT imaging in one integrated machine. The complexity of the delivery process allows 
only inverse treatment planning but delivers highly conformai dose distributions. Treatment 
planning studies demonstrate dose homogeneity and conformai avoidance capabilities as two 
of the major strong points of the system. One of the most important features of the Helical 
Tomotherapy concept is the on-board MVCT image acquisition system. It allows not only the 
verification of patient positioning but constitutes a powerful QA tool, which ultimately will 
yield the reconstruction of the dose as it was actually delivered to the patient on every 
occasion of a fractionated course of treatment.
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Gamma Knife surgery also uses collimators to define the small fields, however in comparison 
to IMRT it instead uses 200 radiation beams from 192 cobalt-60 sources converged using the 
collimator, which divides the beam into 8 sectors that can be individually positioned to either 
4 mm, 8 mm, 16 mm or to a small field to provide very high accuracy beams(Elekta). The 
treatment is based on radiological examinations performed prior to the operation, such as CT 
or MR scans and angiography, allowing noninvasive cerebral surgery to be performed 
precisely in one session, sparing tissues adjacent to the target. Each individual beam has low 
intensity, therefore not affecting the tissue in pathways to the target; however the beams do 
converge with very high cumulative radiation intensity at the isocenter. By moving the 
patient’s head in relation to the isocentre, the radiation dose is optimized in relation to the target 
shape and size. The high precision of the Leksell Gamma Knife, which is better than 0.5 mm, 
enables the administration of a high radiation dose to the lesion, eliminating the risk of damaging 
any adjacent healthy tissue. Hence the Gamma Knife is used to internally treat brain tumours, 
arteriovenous malformations and brain dysfunctions, such as trigeminal neuralgia(IRSA®). 
Cyberknife works in a similar way to Gamma Knife, using collimators to create the small fields; 
the difference lies in the use of two orthogonal X-Ray tubes instead of Cobalt sources. Two 
amorphous silicon detectors are positioned opposite to each other and allow for exact verification 
of the position of the patient and of their tumour which is located at the isocentre. The Cyberknife 
is used to treat some 85% of brain and spine tumours.
Stereotactic radiotherapy (SRT) is defined as the use of beams of ionising radiation from multiple 
directions, intersecting at a target, usually intracranial, which is spatially defined using a fixed 
three-dimensional coordinate system. Stereotactic radiosurgery (SRS) uses the same 
fundamentals as SRT and combines the use of stereotactic apparatus and energetic radiation 
beams to irradiate a lesion with a single treatment (Taylor et al., 2011). Intracranial lesion, such 
as primary brain tumours, functional disorders (epilepsy, Parkinson’s disease etc.), arteriovenous 
malformation and brain métastasés can be treated using SRS or SRT if surgery is not feasible. 
The dose can be provided in either single or multiple sessions giving up to 50 Gy by varying the 
size of the planning target volume from several centimetres to several millimetres(Dyk, 1999). 
Small field dosimetry is very important in SRS and SRT because the diameter of radiation beam 
is between 10 mm and 40 mm.
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2.6.Monte Carlo simulations
2.6.1. FLUKA Code
The name FLUKA (from FLUktuierende KAscade) (Fasso' et al., 2003) is a multi-particle 
transport Monte Carlo code, version 2011.2.2. (Battistoni et al., 2007, Ferrari et al., 2005)lt was 
first developed in 1962 by J. Ranfl and H. Gebel before it was formally named FLUKA in 
1970. The code was then subsequently developed by the European organization for nuclear 
research (CERN) until 1989 when the National Institute of Nuclear Physics (INFN) 
collaborated with CERN to carry out the development of FLUKA to make it an all purpose 
general code(Fasso' et al., 2003). It is written in FORTRAN, runs in the UNIX environment 
and uses combinatorial geometry with voxels too. FLUKA is now considered to be a general 
purpose tool for calculations of particle transport and interactions for about 60 different 
particles, including photons, electrons, neutrinos, muons, hadrons, and neutrons, with 
energies ranging from a few keV up to a few GeV. Therefore, it has been used in a wide 
range of fields, from shielding to cosmic ray calculations. In addition, it is the standard 
radiation protection tool at CERN (V.Vlachoudis, 2009, Fasso' et al., 2003). The program 
uses an original transport algorithm for charged particles (Ferrari, 1991) that can simulate the 
photoelectric effect with actual photoelectron angular distributions according to the fully 
relativistic theory of Sauter (Sauter, 1931). Calculation of energy loss in FLUKA is based on 
the Bethe-Bloch stopping power formula according to lCRU-49 and lCRU-73 (Fasso' et al., 
2003).
FLUKA uses a condensed history approach to the Monte Carlo simulation. In contrast with 
other similar codes, it makes a distinction between continuous and discrete physical processes 
and models them differently. Energy loss in Coulomb interactions is a continuous process 
whereas inelastic nuclear interactions are discrete. The code accurately samples the 
bremsstrahlung differential cross sections of Seltzer and Berger (Seltzer, 1985, Seltzer, 1986) 
including the finite value at "tip" energy, and the angular distribution of bremsstrahlung 
photons taking in account the Landau-Pomeranchuk-Migdal suppression effect as well as 
Ter-Mikaelyan polarisation effect in the soft part of the bremsstrahlung spectrum(Migdal, 
1957, Migdal, 1956, Landau, 1953a, Landau, 1953b).
It has been selected for this project because it is important that the code can track secondary 
electrons for dose enhancement simulation including voxel geometries and because it is 
relatively easy to leam. This is particularly aided by FLAIR, the FLUKA Advanced Interface.
36
© Amani Alalawi
Literature Review and Underpinnine Theory
FLAIR is a front end user interface that is intended to overcome problems with input syntax 
and logical errors and in general facilitates the work of the user (V.Vlachoudis, 2009). It also 
assists the user in generation of input files, building an executable, starting and monitoring 
runs, analysing outputs, as well as providing detailed help files and material databases.
2.6.2. EGSnrc Code
The other Monte Carlo code applied was the EGSnrc (Electron Gamma Shower) based 
DOSRZnrc from the NRCC group (Mainegra and Kawrakow, 2012). EGS was first written 
by Nagel in the early-to-mid-1960, to simulate electromagnetic cascade, developed to 
simulate high-energy electrons (< 1000 MeV) incident upon lead in cylindrical geometry. 
EGS was written in the FORTRAN code, several developments taking place in 1970 at the 
Stanford Linear Accelerator Centre (SLAC), at Stanford University. Since then, it has been 
improved to be a general purpose package MC code from the first version (EGSl) until 
EGSnrc (Bielajew et al., 1994) which was developed at the National Research Council in 
Ottawa and which is written in MORTRAN, a structured, macro based language'. The current 
EGSnrc accounts for a more developed multiple-scattering theory that covers relativistic spin 
effects in the cross section, a more accurate boundary crossing algorithm and improved 
sampling algorithms for a variety of energy and angular distributions. In addition, it is a 
multi-platform version of the EGSnrc code. Keeping the physics of EGSnrc intact is a 
dedicated simulation of the physical photon and electron (positron) processes that occur in 
matter over the energy range of a few keV to several GeV(Hirayama et al., 2005).
Three EGSnrc codes have been used in this work: DOSRZnrc, BEAMnrc and DOSXYZnrc. 
DOSRZnrc calculates the dose in a cylindrical 2D geometry, whereas DOSXYZm-c is 
designed for dose calculations in 3D voxeled geometry. BEAMnrc is used to model clinical 
accelerators. All three codes (DOSRZnrc/BEAMnrc/DOSXYZnrc) can run in UNIX or the 
Windows operating systems. The user of these three codes can simply change the parameters 
in an input file interface program to set up the desired geometry and scoring options.
Macro - A single programming statement that, when called, expands to a predefined series of statements.
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Chapter 3
3. Characterisation of Ge-doped SiOz Optical Fibres for Dosimetry
3.1. Introduction
As described in section 2.2.4, current studies concern the thermoluminescence signal stored 
in irradiated commercially available Ge-doped $10% optical fibres. Firstly, each batch of 
fibres was screened and selected for sensitivity and uniformity before being used in any 
further study. This was followed by dosimetric characterisations, including energy 
dependence, linearity and glow curve. A non-commercial Ge-doped 810% optical fibre was 
also studied, to be compared against the performance of the commercial fibre.
3.2. Materials and Preparation
3.2.1. Ge-doped SiOz fibres
The commercial Ge-doped SiOz fibres (CorActive, Canada) used herein have core diameters 
of 8 pm, 11 pm, and 50 pm, with respective cladding diameters of 167.1 ± 0.1 pm, 125.1 ± 
1.0 pm and 124.7 ± 0 .1  pm; figure 3.1. The non-commercial fibre, with a 23 pm core 
diameter, was made in Kolkata by the Indian Glass and Ceramic Research Institute. In order 
to use the clad fibres, the outer coating cladding buffer was first carefully removed using a 
fibre stripper (Miller, USA); Figure 3.2 (a). The resultant fibre was then cleaned to remove 
any residual polymer cladding, use being made of a pad of cotton moistened with a small 
amount of methyl alcohol. Subsequently the cleaned fibres were cut into lengths of 
approximately 0.5 ±0.1 cm using a CT 30 cleaver (Fujikura, Japan) (Figure 3.2 (b)), manual 
cutting being found to typically produce cleaved faces of irregular quality. The procedure is 
intended to produce cut fibres of essentially the same length, also seeking to avoid 
fi*agmentation of the two ends as mentioned above, and also rather importantly to make sure 
that the fibres can be accommodated in the TLD reader planchet. To mitigate against 
uncertainty in TL yield due to resultant variations in length, the gross TL yield is normalised 
to unit mass of each irradiated fibre, use being made of an electronic balance (PAG, 
Switzerland); figure 3.2 (c). The mean weight of the fibres and standard deviation has been 
determined to be (4.55 ± 0.001) pg.
38
© Amani Alalawi
Characterisation o f Ge-doved SiO-, Optical Fibres for Dosimetry
Ccrnc ive
S p e c ia l ty  O p tic a l F ib e r  
M a n u fa c tu re r Lot: 1039
SeHal # :  4 628,04Length: 5
w w w .coractive.com
100075 - SCF-UN-11/125-21
Spectflcatlons
#e Material 
th g  Material 
f i d  Material 
diameter (urn) 
e  cladding conccnMdty error(um) 
ding diameter (urn) 
fel acrylate coating diameter (urn)
123 -127
llty Control: venfted by:
Date 2 0 1 1 -0 1  11
w rH cN v e
S p e c ia l ty  O p tic a l F ib e r  
M a n u fa c tu re r lot: 2119
Serial #; 4 634,21Length; 10 m w w w .coractive.com
100086 - SCF-UN-50/125-13
Specifications
Material 
ing Material 
Material 
diameter (um) 
dadding concern tnoty emortum) 
ding < f iam ^r (um) 
acrylate coating diameter (um)
P a sse d  Verified by: .
Date 2 0 1 1 -0 1 -1 7
llty Omtrol
Figure 3.1 Spool-labelled specifications of the commercial Ge-doped SiOi 
optical fibres used as TL dosimeter, (a) for 11 pm, (b) for 50 p core dopant 
diameters.
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(a) (b)
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(d)
Coating
(Diameter=250*10 }»m)
Core
(T>pical Diameter = 9.0 pm*)
Cladding
Figure 3.2 Tools used for sample preparation of TL dosimetric system used in this study; 
(a) fibre stripper, (b) fibre cleaver, (c) the electronic balance, and (d) shows a schematic 
diagram of the fibre cross-section.
3.2.2. Storage and Handling
Physical and environmental factors may affect the TL sensitivity, stability, reusability, 
precision and minimum detectable dose for optical fibres. To avoid surface scratches and 
contamination, vacuum tweezers (Dymax 5, England) were used to handle the optical fibres; 
Figure 3.3. The cut optical fibres were placed into gelatine capsules; with 20 optical fibres in 
each capsule. Exposure to elevated humidity should also be avoided as this has been recorded 
to reduce sensitivity by enhancing fading (McKeever, 1988). In addition, to decrease 
exposure to moderate to high ambient light levels, the optical fibres were kept in a darkened 
environment prior to being irradiated or read-out (McKeever, 1988).
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Figure 3.3 The vacuum tweezer.
3.2.3. Annealing
The fibres were first annealed in a furnace before making any irradiations and subsequent TL 
measurements. For annealing purpose, the optical fibres were placed in a ceramic boat and 
covered with aluminum foil before being located in the middle of the furnace (a unit 
produced by Carbolite, UK) (Figure 3.4). The temperature in the furnace was gradually 
increased from room temperature to 420 °C, remaining at that temperature for a period of 1 
hour before being allowed to cool. In order to minimize thermal stress during the cooling 
phase, the samples were then left in the oven for 18 hours to finally equilibrate at room 
temperature.
Figure 3.4 (a) A furnace (Carbolite, U.K) was used to anneal the samples, the temperature 
cycle being as described above.(b) ceramic boats that used to place the fibres in.
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3.3. Characterisation of TL Dosimeter
3.3.1. Screening process
As previously mentioned, before using the prepared fibres in subsequent investigations, eaeh 
batch of these were screened to provide for dosimeters of approximately equal mass, length 
and sensitivity. Fibre dosimeters not satisfying the prescribed dimensions or with sensitivity 
outside a defined range of the mean TL yield were put aside, in accord with the 
recommendation of (Furetta, 2003). In the present work, the tolerance on TL yield about the 
group mean was chosen to be ± 5%, according with ICRP specifications (ICRU, 1976). Here 
it should be mentioned that the extrinsic dopant (Ge in the present case) is added during the 
fibre manufacturing process, seeking to obtain homogenous concentration along the fibre 
length (with a concentration that provides for total internal reflection). In practice 
concentration variations are found on the microscopic scale.
For screening, each batch of optical fibres was irradiated using a ^°Sr source (activity 114.4 
MBq) sited within a carousel (Lenco, Switzerland) situated in the Radiation Laboratory at the 
University of Surrey. The beta-particle source is mounted above the rotating carousel, giving 
a uniform irradiation to the dosimeters placed on the carousel. The irradiator turntable 
accommodates some 30 TLD positions (Fig 3.5). The radiation field is uniform around the 
circumference of the irradiator. Using available information, the present derived dose rate is 
indicated to be 0.33 Gy hour ^ The samples were retained on the carousel for 28 hours, the 
optical fibre TL yield being subsequently measured using a TLD Toledo readout system, a 
delay of 12 hours being used to avoid short-term fading issues.
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Figure 3.5 The University of Surrey ^°Sr beta particle source irradiator. The optical fibres are 
placed under the ^^Sr source and the turntable is rotated at constant speed.
3.3.2. Dose Response
To investigate dose response over a wide range (1 to 30 Gy) using kilovoltage photon beams 
(i.e. 80 kVp and 250 kVp); (x-ray machine manufacturer Gulmay, UK), gelatine capsules 
were loaded (each containing 20 individual fibres of core diameter 8, 11 and 50 pm). These 
were then irradiated in separate runs at the two kVp energies. This process was conducted at 
the St Luke’s Radiation Oncology centre at the Royal Surrey County Hospital (RSCH), 
Surrey; figure 3.6.
It should be noted that different applicators are used for different X-ray energies. For 80 kVp 
irradiations, the x-ray focus to surface distance was 30 cm, with a circular open-ended 
applicator being used to obtain a field size of 8 cm. At 250 kVp, the x-ray focus to surface 
distance was 50 cm, with a square close-ended applicator being used to obtain a field size of 
10 cm X 10 cm. The external filtration used at 80 kVp is 2 mm A1 with a half value layer 
(HVL) of 2.4 mm Al. At 250 kVp, the external filtration is 1.5 mmAl + 0.25 mm Cu + 0.5 
mm Sn with a resultant HVL of 2.7 mm Cu. The applicator output factor for the 80 kVp and 
250 kVp irradiations were set to be 1.00 and 1.14. The relative output was measured in 
cGy/min at the surface of the applicator.
For study of the dose response for photon energies generated at MY potentials, the fibre 
samples were irradiated using 6, 10 and 15 MY photons, these being the values most 
typically used for photos from linear accelerator at the Royal Surrey County Hospital
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(RSCH); doses of between 1 to 4 Gy were delivered to the optical fibres when loaded in the 
gelatine capsules, figure 3.7.
Figure 3.6 The Gulmay X-ray machine; different applicators are used for different values of 
X-ray energy: (a) for irradiations made at 80 kVp and (b) at 250 kVp.
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Figure 3.7 Dual Mode Linear accelerator used to irradiate optical fibres at 6, 10 and 15 MV.
3.4 Results and Discussion
3.4.1. Characterisation of TL Dosimeters
3.4.1.1 Screening Process
The inhomogenity of the dopant material (Ge) along the fibre length causes a wide variation 
in the TL yield, as shown in figure 3.8. As such, a need has been identified to have a selection 
process which only retains optical fibres that give responses to within ± 5% of the mean TL 
yield of the optical fibres, as recommended in (ICRP, 1984). In the screening process, 500 
samples of 50 pm core dopant fibres, 500 samples of 23 pm core dopant fibres, 450 samples 
of 8 pm core dopant fibres and 450 samples of 11 pm core fibres were irradiated, each to a 
nominal dose of 9 Gy (9.24 Gy in reality). The distributions of TL yield per unit mass of the 
fibres are shown in the figures below.
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Figure 3.8 The TL distribution of non-selected Ge-doped Si02 optical fibres irradiated with 
^^Sr beta particle source. The coloured band shows those fibres whose TL yield was within 1 
S.D of the mean distribution, (a) 50 pm core dopant diameter; (b) 23 pm core dopant 
diameter; (c) 11 pm core dopant diameter; (d) 8pm core dopant diameter.
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After the screening process, the selected fibres were found to be within ± 4% of the mean TL 
value of the batch TL yield. For fibres to be used in radiotherapy, the combined uncertainty 
should be no more than ± 5% in well-controlled radiotherapy dosimetry situation, being 
approximately of the same order as the lowest dose differences that can be detected clinically 
(Valentin, 2000).
3.4.1.2 TL Glow Curve
A graphical representation of the total number of counts recorded i.e. the TL light intensity 
yield, against temperature at a heating rate of 25 ®Cs'^  has been recorded. The area under the 
curve represents the radiation energy deposited into the fibre. A typical pattern for the glow 
curve obtained from Ge-doped optical fibre is a single broad peak, being characteristic of 
amorphous media (Figure 3.9), being indicative of non-localised trapping.
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Figure 3.9 Glow curve for a Ge-doped optical fibre of 50 pm eore dopant diameter irradiated 
by X-rays at (a) 250 kVp and 30 Gy dose and (b) 80 kVp and 30 Gy dose. The TL yield was 
again measured using a TLD Toledo readout system with the glow eurve eneompassed 
between temperatures of 180 and 300 ^C. (Note: the red line represents the heating rate 
excursion applied, the temperature values of which are indicated in the right hand seale).
As the TL sample is heated, the electrons in shallow traps are first preferentially released, 
light yield subsequently falling off as these traps are depleted. As the temperature continues 
to rise, the electrons in deeper traps are more typically released, resulting in increasing TL 
intensity. In the partieular ease of this example a peak value is produeed whieh corresponds 
to a temperature of ~ 270°C. Beyond this temperature the number of more deeply trapped 
eleetrons depletes, the TL intensity deereasing with further increase in temperature.
From a comparison of glow curves, the TL response of Ge-doped SiOi optical fibre irradiated 
by x-rays obtained at an aeeelerating potential of 80 kVp is some 6 times higher than that 
obtained at 250 kVp, for the same dose and for the same heating rate applied within the TL 
readout system. This is due predominantly to the higher efficiency for energy deposition at 80 
kVp compared to that at 250 kVp (Chen and W.S.MeKeever, 1997).
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3.4.1.3 Dose response
Figure 3.10 and Figure 3.11 represent the dose response of Ge-doped 810% optical fibres for 
the two kVp accelerating potentials that were used, namely 80 kVp (Fig 3.10) and 250 kVp 
(Fig 3.11).
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Figure 3.10 Observed dose response for Ge-doped optical fibres with core dopant diameters
20
Do.se (Gy)
of 8, 11 and 50 pm, irradiated at 80 kVp, together with standard errors of the mean (where 
these are not apparent, they are within the size of the data points). The solid lines are least 
square fits to the data, obtaining correlation coefficients of 0.999, 0994 and 0.987 
respectively. (Note: the y-axis to the right represents the TL yield of 11 pm core fibres).
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Figure 3.11 Observed dose response for Ge-doped optical fibres with core dopant diameters 
of 8, 11 and 50 pm, irradiated at 250 kVp. The standard error of the mean is in each case 
within the size of the date points. The solid lines are least square fits to the data, obtaining 
correlation coefficients of 0.992, 0.982, and 0.994 respectively. (Note: the y-axis to the right 
represents the TL yield of 11 pm core fibres).
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It is desirable in radiotherapy dosimetry for the measurement system to produce a linear 
response to absorbed dose. In present study, the increase in TL yield with dose remains linear 
over a wide range of values, specifically from 1 Gy to 30 Gy. Over the dose range 1-30 Gy 
for 50 pm core fibres irradiated at 80 kVp (Figure 3.10) the TL light yield (in counts per 
second per unit mass of fibre, x 10^°) the dose dependency is given by [(2.32 x absorbed 
dose, measured in Gy) - 3.04). It is evident that the fibres provide the basis for sensitive 
dosimetry throughout this range. Similarly, the TL yield of optical fibres of 8 pm core 
increases by 90% per additional IGy of dose delivered with respect to irradiation at 80 kVp.
Comparison can be made with previous measurements using the same type of Ge-doped 
fibres and different size of core (9 pm). In irradiations made using a synchrotron X-ray 
microbeam radiation therapy facility at the ESRF, delivered at a mean energy of 107 kVp 
over the energy spectrum 50 to 350 keV and over a dose range 1-30 Gy, (Abdul Rahman et 
al., 2010) showed there to be linearity with dose, according with a TL response in counts per 
second per unit mass of fibre x 10 ,^ obtaining a TL light yield of [(5 x the absorbed dose, 
measured in Gy) + 0.25]. This is in line with expectation, given the greater detection 
efficiency of fibres at lower photon energies.
The least squares fit shows that the change in TL response in counts per second per unit mass 
for 50 pm core fibres irradiated at 80 kVp to be 39 times greater than that obtained for 8 pm 
core optical fibres also irradiated at 80 kVp (Figure 3.10). This is also in line with 
expectation, the relative number of dopants between the two core diameters being of the same 
approximate order of magnitude (viz. 50^/8^ = 39). The implication is that, to obtain the same 
TL yield, a dose of 1 Gy delivered to the 8 pm core fibre can be reduced by the factor of 39 
for the optical fibre of 50 pm core diameter, namely 25 mGy. This paves the way for the 
potential use of the larger core-dopant diameter fibres in diagnostic x-ray and nuclear 
medicine applications.
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The dose response of these same fibres as above were also obtained for over a wide dose 
range (0 to 4 Gy, encompassing the daily fractionated doses delivered in radiotherapy) when 
irradiated by megavoltage photon beams (i.e. 6 MV, 10 MV and 15 MV). The results are 
shown in figures 3.12, 3.13 and 3.15.
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Figure 3.12 TL dose response for 6 MV photon irradiated Ge-doped fibres of 11-, 23- and 50 
pm, together with the standard errors of the mean. The solid lines are least square fits to the 
data, obtaining correlation coefficients (R^) of 0.9762, 0.9949 and 0.9954 respectively.
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Figure 3.13 TL dose response for 10 MV photon irradiated Ge-doped fibres of 11-, 23- and 
50 pm, together with standard errors of the mean. The solid lines are least square fits to the 
data, obtaining eorrelation coefficients (R^) of 0.9712, 0.9942 and 0.9977 respectively.
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Figure 3.14 TL dose response for 15 MV photon irradiations of Ge-doped fibres of 11-, 23- 
and 50 pm, together with standard errors of the mean. The solid lines are least square fits to 
the data, obtaining correlation coefficients (R^) of 0.953, 0.9965 and 0.9978 respectively.
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Comparison with the kV irradiations show that linearity of TL response with dose is retained, 
albeit with an efficiency for detection of the MV irradiations which is of the order of a 
thousand fold less than that at the kV potentials, yielding counts per unit mass of fibre x 10  ^
rather than x 10^ .^ A significant difference would be expected given the far greater 
penetrating power of the radiations generated at megavoltage potentials.
Also observed for all three core-dopant diameters is that there is a progressive reduction in 
TL response from that at 6 MV to that at 15 MV, reducing by approaching 21%, 15% and 
40% for the 50 pm, 23 pm and 11 pm fibres respectively. A potential complication in 
interpreting this is that for photons in excess of some 10 MeV there is potential for photo­
neutron production, with silica fibres having the capability to detect such neutrons (see for 
instance M Noor et al, 2011).
In figures 3.12, 3.13 and 3.15, the least square fits are shown, the error bars representing 
standard errors of the mean. The least square fits show the TL response in counts per unit 
mass. Changes in the TL yields of the fibres have been analysed by taking the ratios of the 
gradients, with the ratio between that at 50 pm and 11 pm being found to be 43, 38 and 49 at 
6 MV, 10 MV and 15 MV, respectively.
The least squares fit shows the change in TL response for 50 pm core fibres irradiated at 6 
MV to be 21 times greater than obtained for 11 pm and 5 times greater than that obtained for 
23 pm core optical fibres also irradiated at 6 MV, according to figure 3.12. The implication is 
that, for the same response, a dose of 1 Gy delivered to the fibre of 11 pm core can be 
reduced by a factor of 21 for the optical fibre of 50 pm core diameter, namely 48 mGy.
Comparing the increase in sensitivity of the fibres with the relative increase in area of the 
dopants, the results shows for the 11 pm and 50 pm fibres, there is an approximate increase 
in measured sensitivity which scales with this ratio, as expected. The possible reasons for 
small variations from the exact ratio include that, as previously mentioned, for energies above 
10 MV photo-neutron production is possible and this could affect the sensitivity of the fibres, 
while another is that the core dopant diameter might vary by ~ ± 1 micron. In regard to the 
lack of accord with such scaling for 23 micron fibres, it is to be noted that the 11- and 50 pm 
fibres were produced by the Canadian company, CorActive, with their industrial processes 
perhaps more closely approaching the nominal mol % dopant concentration than that of the 
23 pm fibres produced by Indian Glass and Ceramic Research Institute.
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3.4.1.4 Energy Dependence
It is important in use of the fibres that any energy dependence be characterized. As already
touched upon, it is apparent that at higher photon energy (i.e. that associated with a potential 
of 250 kVp) (Figure 3.15), the TL yields response decreases due to the lower mass energy 
absorption coefficient at higher photon energy. The least square fits show that the change in 
TL yield per unit mass per Gy is 0.6 at 80 kVp irradiation, being four times that of fibres 
irradiated at 250 kVp. As expected, fibres of any core diameter have a higher response at 
lower energies than at higher photon energies.
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Figure 3.15 Energy response of optical fibres of 8 pm core dopant diameter irradiated at 80 
kVp and 250 kVp (red points) together with the standard error of the mean. (Note: the error 
bars are smaller than the data points).
The energy response of optical fibres irradiated at 6, 10 and 15 MV is shown in figures 3.16, 
3.17 and 3.18. The associated spectra are available in (Mayles et al., 2007). It is apparent that 
at higher photon energies, the TL yields decrease due to the lower mass energy absorption 
coefficient at higher photon energy. The least square fit in figure 3.16 shows that the change 
in TL yield per unit mass per Gy is 2.5 at 6 MV irradiation, being greater by some 20 % 
compared to fibres irradiated at 10 MV and 15 MV. In addition, the least fit in figure 3.17 
and 3.18 show that the highest of the change in TL yield per unit mass per unit Gy is at 6 MV 
compared to the fibres irradiated at 10 MV and 15 MV. For fibres of any of the core­
diameters, these have a higher response at lower energies than at higher photon energies, in 
line with expectation.
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Figure 3.16 Energy response of optical fibres of 50 pm core dopant diameter, irradiated at 6 
MV, 10 MV and 15 MV; the standard error of the mean error bars are within the size of the 
data points.
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Figure 3.17 Energy response of optical fibres of 23 pm core dopant irradiated at 6 MV, 10 
MV and 15 MV; the standard error of the mean error bars are within the size of the data 
points.
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Figure 3.18 Energy response of optical fibres of 11 pm eore dopant irradiated at 6 MV, 10 
MV and 15 MV; standard error of the mean error bars are included.
Again, marked reduction in TL yield is observed for the photon beams, decreasing for 
example from figure 3.16 by 11.2% when comparing the TL yield at 10 MV with that at 6 
MV for a dose rate of 400 cGy min'^ and again 9.6% when comparing the yield at 15 MV 
with that at 6 MV, again for a dose rate of 400 cGy min \
3.5 Conclusion
Ge-doped SiOi telecommunication fibres are an attractive viable dosimeter for use in 
radiotherapy, due in good part to their small size, flexibility, low cost and the potential to be 
used in vivo. They provide superior spatial resolution to many other types of competing 
dosimeter, this being a particularly important feature in measuring absorbed dose for 
sensitive tissue structures close to tumours(Noor et al., 2011).
In this chapter, commercially available Ge-doped optical fibres have been used, comprising 
8-, 11- and 50 pm core dopant diameter fibres produced by CorActive (Canada), while the 23 
pm fibres were produced by The Indian Glass and Ceramic Research Institute. The fibres 
demonstrate a number of desirable TL characteristics, including linearity of response.
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sensitivity to dose and a glow eurve whose form (specifically, the temperature excursion 
profile versus TL yield) is easily accommodated for in the use of commonly existing TL 
reader technology. It was found that the glow curve of optical fibres was between 230 °C and 
290 °C, the broad featured glow curve being characteristic of amorphous media.
For 80 kVp and 250 kVp photon irradiations, a linear dose response was observed from 
below 1 Gy up to at least 30 Gy. As expected, at higher photon energies the TL response of 
Ge-doped optical fibres reduces due to the lower mass energy absorption coefficient. 
Regarding comparative sensitivity, the TL yield of 8 pm and 50 pm core dopant diameter 
fibres irradiated at 80 kVp was found to increase by 90% and 99% respectively per additional 
1 Gy of dose. Further, in regard to 6-, 10- and 15 MV photon irradiations, a linear dose 
response was observed between 1 -4  Gy.
Comparing the increase in fibre sensitivity with increase in the cross-sectional area of the 
dopant within the core, the results show that for the 8-, 11- and 50 micron fibres the 
sensitivity scales in approximate accord with this ratio as expected. The 23 micron fibres 
shows a little less accord with such scaling, most likely due to the fibres having been either 
produced at a dopant concentration differing by some amount from the nominal value or to a 
core-dopant diameter that differs from the nominal value or perhaps both.
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Chapter 4
4. Dose Enhancement at a High Atomic Number Interface
4.1 Introduction
The main aim in high quality radiotherapy dose delivery is to seek means to maximise the 
dose to the target while minimising that to the surrounding normal tissue. One way that this 
aim could be assisted is by loading the target tissue with high atomic number media and then 
irradiating that same target tissue to promote photoelectron production within it (Spiers, 
1949, Matsudaira, 1980). Of importance is that the effective path length in the target tissue 
would be of the order of 10- to a few tens of pm, viz. a cell dimension to several cell 
dimensions, depositing the dose where it is needed. The effect increases at lower photon 
energies, the proviso being that the incident energy remain above the particular electron 
binding energy of interest for atoms within the dose-promoting medium, the cross-section for 
the photoelectric effect having an approximate (Z/E)^ dependence, Z being the atomic 
number of the promoting medium and E the energy of the incident photon (Khan, 2010). This 
effect produces photoelectrons, characteristic x-rays and Auger electrons, with high linear 
energy transfer (~ 11.5 keV pm'^ or more) and short electron range, localizing the dose to 
within the target volume (Mesa and et al., 1999, Rahman et al., 2009). Given that the Auger 
electrons would have very low energies (being eleetrons from the outer electron shells of 
atoms) the main effect is expected to be due to the photoelectrons.
The phenomenon was first studied some 60 years ago by Spiers (Spiers, 1949). In 1988 
Castillo et al. measured the radiation dose in the vicinity of metal mandibular implants, 
finding it to be greater than without metal implants (Castillo, 1988). Accessing this method, 
Matsudaira et al. used iodine (Z = 53; binding energy of K shell electrons 33.17 keV) to 
sensitize cultured cells (Matsudaira, 1980). Further, by injecting iodine into miee tumours 
and using kilovoltage x-rays it was found by Mello et al. that this suppressed the growth of 
the tumours by 80%(Santos et al., 1982). Norman et al. injected an iodine contrast media into 
spontaneous canine brain tumours and then irradiated these with 140 kVp X rays; the survival 
time was extended by 53% (Norman et al., 1997, Norman et al., 1998). A factor of three 
radiation enhancement was found by Nath et al. when iodine was incorporated into cellular 
DNA, with iododeoxyuridine in vitro (Biston et al., 2004). The cis-platin drug (a drug based 
in part on Ft, Z = 79) has also been tested in combination with synchrotron radiation by
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Biston et al. and they found a 33% cure rate of F98 glioma-bearing rats after injection of 
cisplatin (3 pg/5 pL) in combination with 15 Gy of synchrotron radiation (Biston et al., 
2004).
Here it should be noted that iodine is an example of a moderately high atomic number 
medium that can safely be used within the body. Specifically when employed as a contrast 
medium for mapping of vasculature it is usually used as iodate, the diatomie form avoiding 
any propensity towards raising the heart rate (when introduced into the body as I2 this ensures 
that no free charge is delivered into the blood stream). Using Ge-doped fibres, an initial study 
of the efficacy of measuring the dose enhancement from this medium was made in Surrey, 
irradiating with x rays (Abdul Rahman et al., 2012). Using 90 kVp irradiation, it was found 
that a 60% dose enhancement was obtained at the interface between the iodine and the optical 
fibre, a value that was validated through Monte Carlo simulations with agreement at the 2% 
level.
Given the considerable photoelectric effect dependency on Z, it is clear that there would be 
considerably greater scope for enhancement of the dose if a higher Z medium could be used. 
Although not biocompatible, an 80% increase in dose to the backward side of a tissue-lead 
interface was found by Thambi et al. using a ^°Co beam (Thambi et al., 1979), measurements 
being made using TLD-100 powder with established technique. Gold (Z=79) has greater 
biocompatibility than iodine (Connor et al., 2005, Shukla et al., 2005, Lewinski et al., 2008), 
clearly also with a much higher attenuation coefficient (as an instance, at 100 keV, for Au, 
/ / / / ? =  5.16 cmV^ while for I, ////? = 1.94 cm^g'^) (Mesa and et al., 1999). Further, 
theoretical and experimental studies on dose enhaneement using gold have also been carried 
out recently, showing greater dose enhancement effects for irradiations close to the surface of 
a thin metallic gold foil where the dose enhanced by factor of 100 in a tissue-equivalent 
polymethylmethacrylate (PMMA) close to the surfaee of a thin metallic gold foil irradiated 
by 40 to 120 kVp X-rays and the absorbed dose was measured using sub-micrometer 
resolution thin-film radiation detectors(Regulla et al., 1998).
To seek accurate measurement of photoelectron enhancement in dose, use is again made of 
the TL signal stored in commercially available Ge-doped SiOi optical fibres (Hashim et al., 
2009). As previously established, the dosimetric characteristics of this dosimeter demonstrate 
the fibre system to have wide-ranging potential applications in radiotherapy (A.L. Yusoff, 
2005, Hashim, 2009, Hashim et al., 2009, Ramli et al., 2009, Abdul Rahman et al., 2010, Issa
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et al., 2010, Rahman, 2011, Yaakob et al., 2011, Bradley et al., 2007). Thus, in addition to the 
more obvious direct dosimetric applications of the doped silica glass fibre dosimeters in their, 
as-is, form, the ability arises to coat the fibres with partieular metals promoting photoelectron 
generation, again at only modest cost, allowing for their use in a variety of interface 
dosimetry situations. As such, the aim of the present study has been to investigate dose 
enhancement through the use of iodine contrast agent and also Au-coated optical fibres, aided 
by Monte Carlo simulations in order to validate the results obtained.
4.2 Materials and methods
4.2.1 TL detectors and apparatus
The commercial Ge-doped 810% fibre (CorActive, Canada) used herein has core diameter of
50 pm with a cladding diameter of 124.7 ±0.1 pm. In order to use the fibre, just as before, 
the outer coating cladding buffer has been carefully removed. All of the other pre-preparation 
procedures have also remained the same as before. When cut into lengths of approximately 
0.5 ±0.1 cm, the mean weight of the fibres and standard deviation has been determined to be 
(4.55±0.001) pg. A separate group of fibres was also prepared in the same way, although this 
time they were cut into 1 em lengths rather than 5 mm in order to allow them to fit into the 
sputter coating machine. One group of 0.5 cm fibres and three groups of 1.0 cm fibres were 
prepared for three identical gold coating experiments. Because of the inhomogeneity of the 
dopant material (Ge) along the fibre length, the resultant wide variation in TL yield has been 
controlled through selection of the fibres, to now give responses to within ± 3% (1 S.D) of 
the mean TL yield, with exposure to a fixed dose; figure 4.1. Subsequently, they were 
annealed in a furnace (Carbolite, UK) to 420 °C before progressing with main investigation 
irradiations and TL measurements.
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Figure 4.1 TL yield distribution from selected Ge-doped Si02 optical fibres irradiated with 
250 kVp photons to obtain a dose of 3 Gy. The yellow band represents one SD on TL yields 
for fibre lengths of: (a) 0.5 cm and; (b), (c) and (d) 1.0 cm. Note the different group means, 
indicative of the wide variation in TL yields that exist. The fibres have been grouped to make 
full use of the majority of irradiated fibres, excluding the outliers.
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4.2.2 Dose Enhancement using Iodine
The selected 50 optical fibres were irradiated in a specially designed Perspex cube 
phantom, side 6 cm. The phantom was made from polymethylmethacrylate (PMMA), 
otherwise referred to as Perspex or Lucite (CsOiHg). The mass density of the PMMA is 1.190 
g cm'^ and the effective atomic number Zgff is 6.47 (Ashby, 2005). A cylindrical hole of 1 cm 
diameter and 2 cm depth was made to contain the iodine contrast agent. Optical fibres each of 
3 cm length were embedded around the central hole in 12 different equi-spaced positions. 
Optical fibre dosimeters of 5 mm length were also then placed at the position of each of a 
series of steps fabricated within the phantom, each step being 0.5 cm high, 1 cm wide. These 
fibres were not in contact with iodine. They therefore acted as a monitor of the gradual 
attenuation of the x-rays due to the Perspex alone, also providing a comparison against which 
the TL from the iodine-contacted fibres could be made. The contrast media used in this study 
was the iodide molecule based NIOPAM the concentration of which is 300 mg of 
iodine per ml.
The phantom together with the fibres was then irradiated at either 80 kVp or 250 kVp, with 
an entrance dose on each occasion of 30 Gy. For TL readout purposes, the optical fibres 
should be cleaned using methyl alcohol to remove any remnant iodine (which would 
otherwise evaporate upon heating, with the untoward effect of coating the optics and hence 
reducing the efficiency of the photomultiplier assembly). To allow uniform control of thermal 
fading, the optical fibre TL yield was measured 12 hours after irradiation, use being made of 
either a Solaro (Vinten, Reading, UK) or Toledo TLD reader.
Figure 4.2 a) Iodine contrast agent (Niopam with concentration 300 mg I/ml), b) 
phantom (Perspex/PMMA (C5O2H8)), c) view of the top surface of the PMMA phantom 
showing the 12 holes into which the fibres are introduced; and d) the Gulmay X-ray machine 
that can generate X-ray beams with accelerating potential ranging from 80 kVp to 250 kVp.
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4.2.3 Dose Enhancement using Gold
Selected Ge-doped SiOi fibres were coated with gold of 99.99% purity, using a gold foil of 
57 mm diameter x 0.2 mm thick (Quorum Technologies Ltd., UK) and a turbo sputter coater 
(Quorum Technologies Ltd., UK); figure 4.3. The sputter arrangement was controlled to 
provide coating thicknesses of 20, 40, 60, 80, 100 nm. To obtain a consistent thickness 
around the fibres, a 2 volt electric motor has been used inside the sputter coating machine, 
figure 4.4 (a). The motor rotates the fibre during the coating process. Subsequent to coating, 
the fibres were cut into 0.5 ± 0.1 cm lengths, as also described previously. Figure 4.4 (b) 
shows examples of some of the gold coated fibres.
Prior to read-out of the TL yield of the coated optical fibres, the gold coating to the fibre 
needs to be removed to allow TL light to be transmitted to the TL reader photomultiplier 
tube. This was done using one of three alternative methods. The first of these, the one 
generally adopted, was use of gold-etch solution, comprising Ig iodine, 3 g potassium iodide, 
and 20 ml of deionised water, the solution being maintained at room temperature during the 
gold removal process. The efficiency of the removal process is known to be dependent on the 
thickness of the gold, being rather rapid in present circumstances, with an etching rate of the 
potassium iodide solution of 0.5-1 pm/ min (Madou, 2002). This procedure has no harmful 
effect on the stored signal as heat is not produced in the process (Williams et al., 2003), 
further producing no noticeable etching of the silica fibre itself. The second method, which 
has been considered for removal of more resilient thicker gold coatings, is the use of aqua 
regia solution. Aqua regia is a mixture of 60 ml of concentrated hydrochloric acid and 20 ml 
of nitric acid. In present study, mixtures of these have been left standing for a full 30 minutes 
in order to thoroughly homogenise before being used. The etching rate of aqua regia is 
recorded to be 25-50 pm/ min (Madou, 2002). However, this is far more aggressive solution 
than that of the previous method, with potential deleterious effect on the silica fibre 
underlying the gold coating. The third method is the use of an ultrasonic bath (Fisher 
Scientific, UK), operated at 50/ 60 Hz and 220-240 V, figure 4.5. A potential issue is a 
heating effect, with possible loss of occupied defects and hence reduction in the subsequent 
TL signal. For the ultrasonic bath treatment, the gold coated fibres were placed in a test tube 
soaked in deionised water. The fibres were then treated in the ultrasonic bath for a period of 
between 5 min for fibres with a 20 nm gold thickness up to 30 min for fibres with a 100 nm 
gold thickness.
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Figure 4.3 Sputter coating machine.
Figure 4.4 a) 2 volt electric motor that rotates at 1540 revolutions per minute; (b) Two 
of the coated fibres examined under a magnifying lens. Note that these are mounted on 
a rotatable turntable fixed to the motor (the motor being covered by foil to prevent its 
exposure to any evaporated gold and hence possible electrical leakage issues).
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Figure 4.5 The ultrasonic bath, operated at a frequency of 
50/ 60 Hz and 220-240 V.
4.2.3.1 Irradiation
The selected 50 pm optical fibres were irradiated in the specially designed Perspex phantom 
as previously described. The irradiation arrangement is shown in figure 4.6.
Irradiation was carried out using an orthovoltage X-ray unit (GULMAY MEDICAL, Surrey 
UK); figure 4.7. The unit has a 1 mm lead window. The half value layer HVL is 2.7 mm Cu, 
FSD is 50 cm, the added filtration in mm is 1.5 Al-i-0.25 Cu+ 0.5 Sn, the tube current is 12 
mA and the tube potential is 250 kVp. The optical fibres were exposed to a dose of 3 Gy, 
while for photoelectron production the incident photon energy must be equal to or greater 
than the K shell binding energy. Thus, given that the average x-ray energy of the x ray beam 
spectral distribution is around one third of the maximum energy (Khan, 2010), for a 250 kVp 
x-ray beam a large fraction of the photons within the spectrum are capable of knocking out 
K-shell electrons of the gold layers, the K-shell binding energy of Au being 80.7 keV.
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Figure 4.6 Coated optical fibres with different thicknesses were placed on each step of 
the Perspex phantom; the first step to the incident beam side having bare optical fibres 
only, followed by fibres coated with 100, 80, 60, 40, 20 nm thicknesses of Au 
respectively, from top to bottom.
Figure 4.7 The phantom was exposed to 250 kVp x rays delivered by a 
GULMAY MEDICAL ortho voltage machine, at the Royal Surrey County 
Hospital.
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4.3 Readout process
To allow uniform control of thermal fading, optical fibre TL yield was measured 12 hours 
post-irradiation, use being made of a TOLEDO system (Pitman Instruments, Weybridge, 
UK). The readout was carried on in presence of nitrogen gas flow to suppress the effects of 
oxidation and triboluminescence. The parameters that provided for an optimal glow curve 
were: preheat temperature of 160 °C for 10 seconds; a readout temperature of 300 °C for 25 
seconds; a ramp rate of 25 °C /sec. An annealing temperature of 300 °C for 10 seconds was 
subsequently used to eliminate any residual signal.
4.4 Monte Carlo simulation of dose enhancement from different thickness of gold
4.4.1 FLUKA simulation
In addition to the experimental measurements for the Au-coated fibres, Monte Carlo 
simulation was also carried out, use being made of FLUKA code version 2011.2.2 (A. 
Ferrari, 2005, Battistoni et al., 2007). The 250 kVp spectrum was generated using the 
SpekCalc programme and then used in FLUKA simulation (Poludniowski et al., 2009); figure 
4.8. The simulation was carried out in two parts. Firstly, since the phantom includes a number 
of internal steps, with the standard field size of 10 cm x 10 cm, the spectrum was calculated 
at each step depth to account for the attenuation at each location, figure 4.9. Secondly, since 
the phantom was modelled in the first step, the remaining need was to make simulation of the 
effect of the Au-coated fibre, using a small field size of 0.1 cm x 0.1 cm in the X- and Y-axes 
directions. For 10  ^photon histories the total CPU time was 3.60 hours. The phantom has been 
sampled in a cylindrical shape rather than a cubic shape to allow comparison with DOSRZnrc 
simulations, limited as the latter is to the handling of a cylindrical geometry. Dose 
distributions for each gold thickness were scored by the USRBIN detector card with 21 bins. 
The energy cutoff was set at 10 keV. The dosimeter response in simulation was considered as 
the energy deposited per unit mass. TL yields were also normalised to that resulting from a 
standard entrance dose to the surface.
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Figure 4.8 250 kVp spectrum obtained with the SpekCalc programme.
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Figure 4.9 Calculated spectra in the PMMA phantom at the different depths: 0.5, 1, 1.5, 2, 
2.5 cm.
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4.4.2 DOSRZnrc
As a further check, another Monte Carlo code was applied, this being the EGSnrc based 
DOSRZnrc from the NRCC group (Mainegra and Kawrakow, 2012), simulating the dose 
enhancement due to the different gold thicknesses used: 20, 40, 60, 80, and 100 nm, along the 
R axis. The PMMA phantom was modelled in a cylindrical shape with a 0.5 cm diameter. 
The source was simulated by SpekCalc as for the previous code. The number of histories 
used was 10  ^photons. The global electron cut-off energy (ECUT) and the global photon cut­
off energy (PCUT) were 0.521 MeV and 0.10 MeV respectively.
4.5 Results and discussion
4.5.1 Dose Enhancement using Iodine Contrast Media
Based on the results from the previous chapter, the 50 pm core dopant diameter clearly 
provides the greatest dose response/sensitivity. As such, it has been used to study the dose 
enhancement obtained in the presence of an iodine contrast medium as already detailed. 
Figure 4.10 shows, for a 250 kVp speetrum, an additional dose of 66.8% ± 0.5% to have been 
generated through use of the iodine (Z = 53) to enhance photoelectrons production when 
compared to the dose obtained in the absence of the iodine. The dose enhancement factor for 
iodine contrast media has been observed for energies near and above the K-edge of iodine 
(33.17 keV) (Mesa and et al., 1999). Figure 4.11 represents the same irradiation scheme as in 
figure 4.10 but now irradiated using a photon spectrum generated at 80 kVp. This gives rise 
to a much smaller additional dose than that previously obtained, namely 14.6% ± 0.6 %. The 
probability of photoelectric effect events continues to be enhanced for photons above the K- 
edge but it is noted that at 80 kVp the peak energy is -  27 keV and as such the majority of 
photons in the bremsstrahlung spectrum are below the K-edge of iodine, suppressing the 
advantage of using the iodine.
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Figure 4.10 Observed TL yield for Ge-doped optical fibres arranged in the PMMA phantom, 
irradiated using a 250 kVp beam and an entrance dose of 30 Gy. The red data point represents 
the location of the fibres to the front of the iodine reservoir and reveals a TL yield 
enhancement of 66.8% ± 0.5% above that obtained in the absence of the iodine. (Note: the 
standard error of the mean error bars are smaller than the data points)
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Figure 4.11 Observed TL yield for Ge-doped optical fibres arranged in the PMMA phantom, 
irradiated using an 80 kVp beam and an entrance dose of 30 Gy. The red data point represents 
the location of the fibres to the front of the iodine reservoir and reveals a TL yield 
enhancement of 14.6 % ± 0.6% above that that obtained in the absence of the iodine. (Note: 
the standard error of the mean error bars are smaller than the data points).
Comparison can be made with previous measurement using a different core-dopant diameter 
(i.e. 9 pm) irradiated using a 90 kVp beam for an entrance surface dose of 30 Gy. This gave
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an additional dose of 59% ± 2% (Rahman, 2011), notably with a much larger fraction of the 
incident photons within the speetrum.
At 250 kVp, in irradiation of a treatment target -  iodine interface, the dose advantage 
observed at 90 kVp is preserved and indeed somewhat enhanced beyond that obtained at 90 
kVp. In addition, the 250 kVp beam offers considerably greater penetration, allowing 
treatment of more deeply situated target volumes. Conversely, while dose-enhancement is 
still observed at 80 kVp, the numbers of iodine-associated photoeleetrons generated are 
significant reduced, in accord with the reduction in the fraction of photons with an energy at 
or exceeding that of the K absorption edge of iodine. The penetration of photons is governed 
statistically via interaction probabilities which depend on energy and material, one particular 
consequence of which is that photons are far more interacting with media at lower photon 
energies. Present results show that with depth into the PMMA phantom, the change in TL 
yield per cm decreases according to an exponential power relationship defined by the photon 
speetrum. As an example, for present conditions, and using the best fit equations, for the 80 
kVp beam the TL yield at a depth of 2 cm reduces to 46 % of that to be obtained at the 
surface while for the 250 kVp beam a more limited reduction of 74% of the surface value is 
obtained. Of particular note is that the optical fibres have allowed a rich set of data to be 
obtained, providing for an unusual degree of versatility when comparison is made with other 
competing forms of measurement device.
Referring back to Chapter 2, section 2.4.3.1 the enhanced TL yields signify that large dose 
deposition could be made to happen at an interface between synovium (which occupies just a 
few cell thicknesses) and iodine contrast medium injected into the joint capsule. Therefore, 
photoelectron production and concomitant dose distribution on the few micron scale (Mesa et 
al., 1999) can be obtained through use of stable iodine in association with incident X-ray 
irradiation for energies above and close to the absorption edge, the K-edge in this case. This 
may imply that in radiation synovectomy a beta emitting radionuclide such as 1-125 that 
carries with it a risk of organ damage due to leakage of aetivity from the joint capsule (and 
treatment well beyond the target volume) can be replaeed by the present so-called 
combination radiotherapy technique, supported by dose evaluations made using optical fibres. 
This may lead to minimization of dose to healthy tissue and delivery of a well prescribed 
dose to the target, in this case the synovial membrane.
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4.5.2 Dose enhancement using gold-coated fibres
Results from the use of 250 kVp X-rays (HVL 2.7 mm Cu) and different thicknesses of gold 
are illustrated and fitted in Figures 4.12 and 4.13. Three identical irradiations of gold-coated 
and non-coated Ge-doped Si02 optical fibres were earried out in order to investigate the 
reprodueibility of the experiment. The various layers of gold were removed from the 
irradiated fibres using the three methods that have been previously outlined: potassium iodide 
solution; aqua regia and; use of an ultrasonic bath.
Use of sputtering technology places limits on the coating thicknesses that can be practically 
achieved, from a few nm to many tens of nm; thicknesses less than or greater than this range 
become very much more difficult to achieve. It is fortuitous therefore that this practically 
realisable range of coating thicknesses produee a useful range of measurable DBFs. The 
measured DBFs can then be tested against Monte Carlo (MC) simulations that validate the 
experimental results, further providing confidence for MC results that can be obtained for 
other eoating thicknesses, including those that cannot readily be achieved through use of 
sputtering technology.
For a given thickness of coating, the dose enhancement faetor (DBF) is defined as the ratio of 
dose deposited in the gold coated fibre divided by the dose deposited in the uncoated fibre. 
As shown in figure 4.13, the largest dose enhaneement attained, of 1.33 ± 0.01, was obtained 
for a 80 nm gold coating thickness, corresponding to a maximum path length in Au of 160 
nm through which a photon can travel, viz. the full coating thickness available to an incident 
and exiting beam. Both simulation eodes show continuous increase in dose enhancement with 
gold thickness at the given dose, produeing similar DBFs, only differing in trend by < 3%, 
figure 4.14. The unexpeeted reduction in experimental DBF at a gold coating of 100 nm, 
corresponding to a maximum path length of 200 nm, has been shown to be due to incomplete 
removal of the gold coating, as shown by optical microscopy and scanning electron 
microscopy (SBM). The latter was earried out using a Hitachi S3200N SBM equipped with 
energy dispersive X-ray spectrometry figures 4.15 and 4.16 respectively. The simulations and 
measured DBFs agree with each other up to a coating thickness of 80 nm, indicating a DBF of 
(0.016 ± 0.001) nm"^ Au, or in other words an inerease in dose of 1.6 % for every 1 nm 
thickness of added Au to the fibre. The DBF for the 80 nm thickness is 134 % ± 1%.
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Figure 4.12 TL yield for Ge-doped optical fibres irradiated to a dose of 3 Gy at 250 kVp. 
Each fibre TL yield data point represents the average of ten individual optical fibre 
measurements. Error bars of lo  standard deviation are smaller than the size of the data points. 
The gold coated fibres were read out after taking the gold layers off, the results of all three 
methods being represented. It is apparent that the potassium iodide solution is particularly 
effective but it is also further apparent that all three methods fail to a degree to remove all of 
the coating for the greatest thickness value, viz 100 nm.
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Figure 4.13 The average DEFs resulting from use of all three methods for Au removal; 
potassium iodide solution, aqua regia solution and ultrasonic bath. The error bars represent 
lo  (one standard deviation) of the results from all three experiments.
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Figure 4.14 DEF values for different thicknesses of gold coating simulated using FLUKA 
and DOSRZnrc.
Figure 4.15 Optical microscopy image showing various examples of incomplete removal of 
the gold coating to fibres.
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Figure 4.16 SEM image obtained using a Hitachi S3200N of (a) bare fibre (b) incomplete 
removal of 100 nm gold thickness at 60 pm resolution. (The full diameter of the Si02 fibre 
of 120 pm occupies most of the field of view.)
Further investigation by energy dispersive X-ray spectroscopy (EDX) is shown in figures 
4.17 and 4.18. The generated EDX spectral peaks indicate the elemental composition of the 
sample under analysis.
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S p e c t r u m  1 Element Weight% Atomic%
C 10.24 15.63
0 52.20 59.84
Si 37.56 24.52
Totals 100.00
10pm Electron Image 1
0 1 2  3 4
Full Scale 4876 cts Cursor; -0.009 (4809 cts)
Figure 4.17 The upper left-hand panel shows an SEM image of a bare fibre, obtained at 
sub-pm resolution. The Table in the upper right-hand panel shows the EDX analysis of the 
spectrum obtained at the labelled position (Spectruml). The lower panel shows the EDX 
speetrum The identification of carbon along with Si and O results from the addition of a 
thin layer of carbon to the fibre to inhibit charge build-up during the SEM investigation.
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Spectrum
Element Weight
%
Atomic%
C 17.04 44.03
0 10.90 21.14
Si 24.37 26.92
Cl 0.22 0.19
Cu 0.73 0.35
Au 46.75 7.36
Totals 100.00
C*i
Electron Image 1
Full Scale 4876 cts Cursor; -0.009 (4779 cts)
Figure 4.18 The upper left-hand panel shows an SEM image of the Ge-doped SiOi optical 
fibre following failed removal of all of its gold coating. The Table in the upper right-hand 
panel shows the EDX analysis of the spectrum obtained at the labelled position (SpectrumS), 
showing the manifest presence of Au (46.75%).
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Efficacy of coating removal techniques
As previously mentioned, three techniques were used in seeking to efficiently and completely 
remove the gold coating to the fibres prior to read-out. In so doing, there has been need to 
avoid signal loss (through for instance ineomplete Au removal or heat evolution during the 
treatment) or inhibition through surface damage to the eventual bare fibre. The results of all 
three methods are represented in Fig. 4.13.
In comparing the results of experiment on TL yield versus MC simulations, it is apparent that 
the potassium iodide solution has been the most effeetive in removal of the gold layers, 
elosely matching to within 5 % the TL yield obtained, for all but the thickest coating, with the 
results of MC simulation (shown in Fig. 4.14). It is also further apparent that the two 
remaining methods fail to a degree in removing all of the coating, there being a noticeable 
reduction in the DEF obtained, but once again with manifest failure at 100 nm.
It has been observed that the aqua regia treatment leads to noticeable softening of the fibres 
and opacity of the fibre surfaces, the latter almost certainly leading to inereased light 
scattering at the surface, with consequences upon measurement of the TL signal. A noticeable 
inerease in solution temperature was also observed in use of the ultrasonic bath technique, 
with potential loss of TL signal through enhanced fading. Thus, of the three techniques the 
potassium iodide solution would appear to be the most effective, remaining so up until 
eoating thicknesses of 80 nm.
4.6 Conclusion
Investigation has been made of the potential of a Ge-doped 810% optical fibre dosimeter to 
measure dose enhancement from iodinated contrast medium and nano-scale gold layers that 
generate photoeleetrons. Use of the iodine provided an additional dose of 14.6% ± 0.6% and 
66.8% ± 0.5% for 80 kVp and 250 kVp photons respectively. Using the different thicknesses 
of gold with an accelerating potential of 250 kVp, the greatest dose enhancement factor 
(DEF) was found to be that for an 80 nm thickness, the dose being enhaneed by 134 % ± 1%.
For investigation of reproducibility, three experiments were carried out, studying the use of 
Ge-doped SiOi optical fibres as a dosimeter in measuring dose enhancement due to different 
thiekness of gold. All were earried out under identical operating conditions, using three 
different methods for removing the gold. The incomplete removal of the thickest gold coating
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layer (100 nm) is demonstrated for all three techniques, although all three remain relatively 
efficient for lesser coating thicknesses when judged against the simulation results. The 
potassium iodide technique has been found to be the most effective in removing the gold 
layers. However in using an optical microscope and the scanning electron microscope (SEM) 
with an EDX facility, evidence of residual gold was found on fibres that were coated to a 
thickness of 100 nm, the residue clearly inhibiting the measurement of TL. Using aqua regia, 
representing a more aggressive chemical treatments to remove the gold, it is apparent that this 
results in some degree of damage to the fibre with softening of the siliea and etching of the 
surface, the latter reducing an ability to measure an unobstructed TL yield. Finally, in use of 
the ultrasonic bath technique, it is apparent that there is an elevation of the bath temperature, 
with potential enhanced fading of the TL signal.
To verify the experimental results, Monte Carlo simulation were made, two codes being used; 
FLUKA and DOSRZnrc. The experimental and simulation results are in good agreement up 
to a coating thickness of 80 nm, produeing a DEF of some 1.6% nm“  ^ of gold coating using 
presently reported conditions. Use of the two codes also leads to agreement between results 
of the two codes to within 5 %.
The dose enhancement technique offers potential applications for a number of thin target 
radiotherapy treatments, as in radiation synovectomy, overcoming issues in use of radioactive 
materials and in use of safe contrast medium and metallised nanopartieles where they may be 
loaded in the treated volume and then irradiated with kilovoltage energy X-rays. The 
spectrum of the latter needs to be sufficiently energetic to allow significant photoelectric 
cross section contributions from the ejection of K shell electrons, the latter being the main 
contributor in enhancing the local dose to an interface with a high Z medium. The analogue 
gold coated fibre TL measurement technique has been developed in association with Monte 
Carlo methods to verify the delivered dose in such thin targets. The technique avails itself to 
study of DEFs for other metallic element coatings. The Ge-doped fibre provides for 
considerable versatility in making such assessments.
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Chapter 5
5. Thermoluminescence response of Ge-doped SiOz Fibre for small- 
field photon dosimetry
5.1. Introduction
We have previously discussed that one of the over-riding needs in the delivery of 
radiotherapy is to maximise the dose to the treatment (target) volume while minimising the 
dose to the surrounding healthy tissue. In pursuit of such desire, one inereasingly popular 
approach is to employ small-fields (conventionally understood to be fields of < 4x4 cm) of 
photons, the idea being analogous to the painting of dose onto the target volume; indeed the 
phrase ‘dose-painting’ has become accepted terminology amongst the medical physics 
community. Thus said, with the advent of small-field technology facilities, the need to 
maintain accurate dosimetry (to better than 5%) has been reeognised to present a range of 
challenges (Aspradakis et al., 2010). The challenges inelude partial occlusion of the direct- 
beam source (Zhu and Bjamgard, 1994, Sharpe et al., 1995, Zhu and Bjamgard, 1995, Zhu et 
al., 1995), loss of charged particle equilibrium (CPE) (Attix, 1986, Nahum, 1996) and the 
need to cope with the steep fall-off in dose in the penumbra of such fields (Rice et al., 1987).
First and foremost in meeting these challenges, there is need for dosimeters of dimensions 
that are small in eompaiison to the field dimension. However, with this, there is also the need 
to retain sufficient sensitivity to provide accurate measurement, to accommodate the peak 
doses down to the doses that are observed at the edges of the penumbra. Accordingly, there is 
also need to cope with the assoeiated ehange in dose-rate across this field. In regard to the 
size of dosimeter, its maximum dimension should certainly be smaller than that of the beam 
(Bjamgard et al., 1990, Higgins et al., 1995, Francescon et al., 1998, Sauer and Wilbert, 
2007). Such are the demands to be satisfied that when possible measurements with more than 
one detector type are recommended (Aspradakis et al., 2010). In the following paragraph, 
brief review is made of some of the dosimeters that are available, mentioning potential 
disadvantages in working with small fields. The subsequent paragraph then goes on to look at 
the use of doped silica fibres and eompeting technologies, both established and novel.
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In order to obtain high aceuracy and precision, various detectors are used; however, with 
ionization chambers uneertainties inerease for small radiation fields due to volume averaging 
of the high gradient radiation field (Rah et al., 2008). Although, semiconduetor diode 
detectors offer relatively good spatial resolution and radiation sensitivity, they show angular 
dependence (Araki et al., 2003, Araki et al., 2004). Films (by which the term conventionally 
means silver-halide based arrangements) provide the best spatial resolution (down to some 
microns) but then these can be influenced by the film processing procedure, room 
temperature and relative humidity, as well as the time that has elapsed following exposure 
(Heydarian et al., 1996, Ertl et al., 1998, Araki et al., 2004). Other detectors such as 
MOSFET-based devices and LiF TLDs offer smaller effeetive volumes than ionization 
chambers. However, the former have the limitation of lifetimes (around one year) and energy 
dependency (Rah et al., 2011) and the latter can suffer from hygroscopic and fading effects 
(Araki et al., 2005). It is important in working with these arrangements to make 
accommodation for the potential limitations.
Recent studies on silica based TL material such as doped silica glass optical fibres have 
produced promising results such as a minimal fading, excellent sensitivity and a useful 
effective detector size of the order of tens of pm in one dimension (Bradley et al., 2012). 
Present research makes use of Ge-doped SiO: optical fibres and glass beads (GB) for small 
field dosimetry compared against more well-established dosimeters, primarily EBT3 
GAFCHROMIC film (a radiochromic film based on based on polydiaeetylene, also being 
relatively unaffected by normal light levels; see for instance AAPM Report No. 63 
(Niroomand-Rad et al., 1998) small ionisation chambers and photon diodes, all of which have 
been used to obtain the linac commissioning data at the Royal Surrey County Hospital 
(RSCH), as well as Monte Carlo simulations using the FLUKA and BEAMnrc codes.
5.2. Experimental IVlaterials and Methods
5.2.1 Detectors
5.2.I.I. SiOz-GeOz doped optical fibres
The SiOi-GeOz doped fibres (CorActive, Canada) used herein have a doped core and 
cladding diameter of 50 pm and 124.7 ±0.1 pm respectively. As before, a fibre stripper 
(Miller, USA) has been used to remove the outer coating, and then for irradiation the fibres 
have been cut into lengths of 0.5 ±0.1 cm and screened for mass and radiation response to 
mitigate against uncertainty in TL yield (the gross TL yield being normalised to unit mass of
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each irradiated fibre, producing a mean mass of a fibre of (4.55 ± 0.001) pg), the fibres being 
selected by screening with a fixed dose 11 Gy at 6 MV provided a uniform response of < ± 
1% of the group mean); figure 5.1. The prepared fibres were then placed in gelatine capsules 
which were then placed between thick slices of a phantom of solid water™ and bolus to 
produce full backscatter.
To allow uniform control of thermal fading, optical fibre TL yield was measured 12 hours 
post-irradiation using a TOLEDO thermoluminescence dosimetry reader (Pitman 
Instruments, Weybridge, UK). The readout was carried out in the presence of N2 gas flow to 
suppress the effects of oxidation and triboluminescence. The parameters found to provide an 
optimal glow curve were as before, namely: a preheat temperature 160 °C for 10 seconds; 
readout temperature 300 ”C for 25 seconds at a ramp rate of 35 °C /see. An annealing 
temperature of 300 °C for 10 seconds was subsequently used to eliminate any residual signal.
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Figure 5.1 the TL yield distribution of three groups Ge-doped SiOz optical fibres irradiated 
with 6 MV photons and 11 Gy. The yellow band represents 1% of the mean.
5.2.I.2. GafChromic film EBT
GAFCHROMIC® EBT3 (ISP Advanced Materials, New Jersey, USA) batch number 
A05151202 with sheet dimensions of 20.3 x 25.4 cm^ was used in this study, comprised of a 
single active layer approximately 27 pm thick placed between two 120 pm transparent 
polyester substrates, figure 5.2. It is water resistant and can easily be cut into smaller pieces. 
It is also symmetric so that there is no need to track which side is to be used for readout i.e.
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either side ean be facing the light source. Care was taken in handling and storing the films. In 
particular they were only handled while wearing gloves and only then being touched at edges 
distant from any part of the film involved in analysis, fingerprints and residue potentially 
affecting the scan results. Although, it is not particularly light sensitive, exposure to light was 
minimised, particularly following irradiation. As such, the irradiated films were stored 
together with the non-irradiated films at room temperature in a light proof envelope, 
separated by white papers. Also, when marking the film, a plastic ruler was used with the 
bevelled edge down so that the ink from the marker pen ink would not easily penetrate 
beneath the ruler and smear the film. Sharp scissors were used to cut the film to prevent 
potential edge damage and subsequent de-lamination.
M atte Polyester, 100 m icrons
Active Layer, >^28 m icrons
M atte Polyester, 100 m icrons
Figure 5.2 Configuration of GAFCHROMIC EBT3 Dosimetry Film.
5.2.I.2.I. GafChromic film calibration
To calibrate the films, they were irradiated in a 30 x 30 cm^ solid water phantom (Gammex, 
UK) with 5 cm of the build-up material above and 10 cm below the film to provide sufficient 
backscatter material. The source-to-surfaee distance was 100 cm and use was made of a 10 x 
10 em^ field size at the machine isocentre. Film samples were cut ( 5 x 5  cm^); figure 5.3, and 
irradiated perpendicularly to the 6 MV radiation beam from a dual-energy Varian linac 
(Varian Medical Systems, Palo Alto, CA) with a nominal dose rate of 4 Gy/ min. To obtain a 
calibration curve, the films were irradiated with dose levels of 0, 0.1, 0.3, 0.5, 1.0, 4.0, 6.0, 
9.0, and 11 Gy, figure 5.4. Figure 5.5 shows the change of GafChromic film colour due to the 
irradiations.
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Figure 5.3 Labelling and cutting of the film.
87
© Amani Alalawi
Thermoluminescence response o f Ge-doved Si02 Fibre for small-field photon dosimetry
1200  -1
1000 -
800 -
600 -
400 -
200  -
10000 20000 300000 6000040000 50000
Net Optical Density (arbitrary unit)
Figure 5.4 GafChromic™ EBT3 calibration curve using the red channel obtained from an 
Epson 1680 flatbed document scanner.
Figure 5.5 The irradiated films used for calibration; each piece is 5 x 5 cm^. Irradiations were 
made with dose levels of 0.1, 0.3, 0.5, 1.0, 4.0, 6.0, 9.0, and 11 Gy respectively.
5.2.I.2.2. Read-out procedure
To read out the films, a flatbed scanner (Seiko Epson Corp., Nagano, Japan) was used, also 
making use of the OmniPro-I’mRT software (IBA Dosimetry America, USA) as 
recommended by the film manufacture. A further recommendation that was followed was to 
leave the irradiated films for at least 6 h before reading out in order to allow their 
stabilization in an effort to maintain a high level of accuracy (Tsang et al., 2005). As such, all 
films were scanned 2 days after irradiation. During the readout, the films were placed on the
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scanner in the centre and always with the same orientation (Butson et al., 2006, Lynch et al., 
2006). The “EPSON scan” software package was used to scan the films, obtaining a 
resolution of 72 dpi in the 48 bit RGB Mode, with image adjustments and colour correction 
turned off, figure 5.7. Scanned films were saved in TIFF file format. Because the sensitivity 
of the GafChromic™ EBT3 film is higher in the red wavelengths region, only the red 
component was extracted from the image file.
tPSOH Scan
EPSON Scan Professwia/ Mode
Settings 
Name Current Setting
On^ ai
FIm (with Film Area Guide)Documer^Type
Fdm Type P o s i t i v e  P i r n
DestM^ion
4 8 - w  C o lo fQ  I m a g e  T y p e :
àêj
O rig ina l
H I 25431 jmm 
Ten
Figure 5.7 Parameters in EPSON Scan programme.
5.2.I.3. Ionisation Chambers
Royal Surrey County Hospital commissioning percentage depth doses measurements were 
carried out with a Wellhofer Dosimetrie (Germany) IC-10 ionization chamber, providing an 
effective volume of 0.13 cc and a sensitivity of 0.044 nC/cGy. The active length is 5.8 mm, 
with an inner diameter of 6.0 mm. The IC-10 has a wall thickness of 0.4 mm (70 mg/cm^), 
and a 1 mm diameter electrode.
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In addition, an OCTAVIUS 2D array ionisation chamber lOOOSRS (PTW, Germany), 
developed for small fields dosimetric verification, was used to investigate the beam profiles 
at 5cm depth in the solid water™ phantom for field sizes of 1.0 cm x 1.0 cm, 2.0 cm x 2.0 
cm, 3.0 cm x 3.0 cm, 4.0 cm x 4.0 cm and 10.0 cm x 10.0 cm; figure 5.8. The 2D-Array 
comprises of a matrix of 977 liquid-filled ion chambers with a volume of 2.3 mm x 2.3 mm x 
0.5 mm and 2.5 mm centre-to-centre detector spacing in the central 5 cm x 5 cm area and 5 
mm in the outer 10 x 10 cm area. To process the measurements use was made of the PTW 
Verisoft software (version 5.1).
Figure 5.8 OCTAVIUS 2D array ionisation chamber lOOOSRS (PTW, Germany).
5.2.1.4. Photon Diodes
Royal Surrey County Hospital commissioning beam profiles measurements were conducted 
with photon diodes (IBA diodes. Radiation Products Design, Inc., UK) with an effective 
measurement point of < 0.9 mm and 0.06 mm thickness within the Active Volume.
TM
5.2.2 Phantom
The fibres and GafChromic films were sandwiched between two slabs of a solid water 
phantom (30 x 30 x 0.2 cm and 30 x 30 x 1.0 cm) (Gammex, UK), the optical fibres being 
retained in superficial indentations located at different positions within the thicker slab; 
figure 5.9. Additional solid water slabs (Gammex, UK) were used to provide for full scatter 
conditions, with a total of 1.5 cm thickness of solid water phantom above the fibre array and
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a total thickness of 6 cm thickness of slabs below the array in order to provide for beam 
profiles at 1.5 cm depth and 5 cm total thickness of solid water phantom above the fibre array 
in order to provide for beam profiles at 5 cm depth.
Figure 5.9 Plan view of a slab of the solid water™ phantom, with superficial indentations 
located along the x and y axes to provide for beam profile and output factor measurements 
with the Si0 2  fibres, as described in the text.
5.2.3 Irradiation procedures
All dosimeters were irradiated with 6 MV photons produced by the Varian Clinac accelerator 
(Varian Medical Systems, Palo Alto, CA) to deliver 11 Gy dose at 1.5 cm depth, the latter 
being sufficient to ensure electronic build-up for the photon energy used, for each field size;
1.0 cm xl.O cm, 2.0 cm x 2.0 cm, 3.0 cm x 3.0 cm, 4.0 cm x 4.0 cm and 10.0 cm x 10.0 cm 
at the isocentre using a standard Source-Surface Distance (SSD) of 100 cm. The phantom 
assembly was subsequently placed perpendicular to the radiation beam to obtain beam profile 
measurements. The field size was defined by the jaws alone, noting that the multileaf 
collimator MLC was fully parked. The same setup was used to collect beam profile 
measurements at 5 cm depth but now with a delivered dose of 6 Gy; figure 5.10.
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Figure 5.10 The phantom was irradiated with 6 MV X- rays delivered by Varian Clinac 
accelerator, at the Royal Surrey County Hospital.
5.2.4 Monte Carlo simulations
5.2.4.I. MC Simulation using BEAMnrc and DOSXYZnrc code
The EGS4nrc/BEAMnrc MC code (Kawrakow and Walters, 2006), was used to simulate a 
Varian Clinac TM 2100C linear accelerator following the geometrical specifications supplied 
by the provider (see Fig 5.16). Simulation with the MC BEAMnrc code starts by defining the 
geometry of the x-ray unit (Rogers et al., 1995); figure 5.11.
The BEAMnrc code was run on a personal laptop (Intel Corei7-M640, 2.80 GHz CPU, 4GB
RAM) with Microsoft Windows 7 operating system. All MC simulations were stored and
analysed on this PC.
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Figure 5.11 The prescribed steps in BEAMnrc in order to complete a simulation of the 
radiotherapy unit.
In this study, the Varian 2300C linear accelerator that was used for the irradiations was 
simulated using the BEAMnrc MC Code. The linear accelerator specifications include the X- 
ray target. Collimator, Y and X jaws; figure 5.12.
^  Selected compo..,
Edit mam mpot parameters
SLABS Tg Edit...
C0NS3R COL Edit...
FLATFILT FF Edit...
JAWs Edit...
Figure 5.12 The window of the modelled components of BEAMnrc for Varian 2200 C 
linear accelerator.
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Firstly, X-ray spectrum was generated by BEAMnrc then used in DOSXYZnrc code; figure 
5.13, to simulate the dose received by water phantoms and produce beam profile simulations. 
Before making any measurements validation, commissioning of the MC simulation was 
performed by matching and comparing the values of percentage depth doses for 10 cm x 10 
cm with the commissioning data of this linear accelerator at RSCH. MC simulation results 
are found to be < 2% within commissioning data. The simulation history was 10 million 
photons.
DOSXYZnrc GUI
File Run He)p A bout 1
■ m u m
DOSXYZnrc Graphical User Interface 1.1
ionizing Radiatiton standards Group 
institute tor Nationai M easurement Standards 
National Researcn Council C anada
Copyrigtit 2001 National Research CouncM C anada
input param eters va iida tion jox io  leaded 
Using PEGS4 We CVHEN_HOUSE/pegs4/521icru.pegs4dat.
Figure 5.13 The DOSXYZnrc version 2001 GUI (Graphic User Interface) used for the small 
field simulations.
The linear accelerator head was first simulated by BEAMnrc (figure 5.14) which then used as 
an input file in the DOSXYZnrc code file for beam profiles simulations. ECUT (the lower 
energy threshold for electron transport) and PCUT (the lower energy threshold for photon 
transport) values were 0.521 MeV and 0.01 MeV respectively (Rogers et al., 1995). The 
simulation parameters were 10 x 10  ^ history for both field sizes, giving rise to a total CPU 
time of around three days. The random number generator (RNG) seed 1 was 33, the range
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rejections was off and the photon splitting numbers were 500, 320, 230, 250 and 250 for the 
field sizes of 1.0 cm x 1.0 cm, 2.0 cm x 2.0 cm, 3.0 cm x 3.0 cm, 4.0 cm x 4.0 cm and 10.0 
cm X  10.0 cm respectively. Beam profiles and percentage depth doses were calculated in a 40 
cm^ water phantom that was placed at a source-to-surface distance (SSD) of 100 cm from the 
centre of the target. The voxel dimensions in the xy-plane was 0.2 cm for all field sizes 
around the central axis (CAX) and voxel size was varied in the z-direction between 0.2 cm 
for superficial measurement points to 1.0 cm for greater depths .
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Figure 5.14 Linear accelerator schematic diagram for 6 MV 10 cm x 10 cm field size.
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S.2.4.2. MC Simulation using FLUKA code
FLUKA code version 2011.2.2 (Ferrari et al., 2005; Battistoni et al., 2007) Monte Carlo 
simulation was used through use of the Flair interface programme; figure 5.15, to model the 
linear accelerator treatment head. The model was based on geometries and material data 
provided by the manufacture (Varian Medical Systems, Palo Alto, CA).
•  A b o u t  Flair
Close
Figure 5.15 The user interface dialog design tool FLAIR to enable the 
user to start and run an input file without the need to write any 
command line interactions.
The beam parameters including type of the particle, energy profile and direction was defined 
by the BEAM and BEAMPOS cards. For the handling of a mono-energetic electron beam, 
this is considered to start from a single point towards the positive direction of z axis. The 
beam profile shape was set by default to a rectangular (non-Gaussian) shape with incident 
kinetic energy 6 MV for all field sizes. The number of electron history was 10  ^ which is 
sufficient to achieve an acceptable statistical uncertainty with total CPU time of around three 
days using the Surrey Physics Department server with 12 cores for every field size. The 
geometry of the linear accelerator for different field sizes was specified by the cards BODIES
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and REGIONS. The USRBIN detector card was used to score the absorbed dose in the water 
phantom, equally dived bins with size of 0.2 cm for each bin i.e. the voxel dimensions in the 
Z- direction and in the XY plane was 0.2 cm for a 10 x 10 cm^ field size around the central 
axis (CAX); the XY-plane voxel size is the same for all other field sizes.
ECUT (lower energy threshold for electron transport) and PCUT (lower energy threshold for 
photon transport) values were as before 0.521 MeV and 0.01 MeV, respectively. Beam 
profiles for all field sizes were calculated in a 40 cm^ water phantom that was placed at a 
source-to-surface distance (SSD) of 100 cm from the centre of the target. Figure 5.16 
illustrates the simulation geometry obtained using the SimpleGeo 4.3 graphical programme.
#
Figure 5.16 Small field size experiments geometry, with from top to bottom: the target, 
collimator, flattening filter, X jaws, Y jaws and water phantom.
5.3. Results and discussion
5.3.1. Validation of Monte Carlo simulations
To validate the Monte Carlo model, beam profile and PDD measurements for a 10 cm x 10 
cm field size have been compared against BJR published data (Joint working partly of British 
Institute of Radiology and the Institute of Radiology and the Institute of Physics and 
Engineering in Medicine and Biology, 1996). The percentage difference between measured 
data point and the BJR data was <1% . The variations have been measured for Full-Width 
Half-Maximum (FWHM) and the penumbra which herein is defined as the distance over 
which the dose falls from 80% to 20% of the central dose. The FWHM measurements agreed
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to within 0.43 mm (1 SD). The penumbra measurements agreed to within 0.27 mm (1 SD). 
As such, the MC simulations have been considered to be valid for this linear accelerator 
model, figure 5.17 and 5.18. Figure 5.19 shows a typical FLUKA dose distribution in the XY 
plane for 6 MV photons.
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Figure 5.17 Validation of MC simulations by comparing Percentage Depth Dose (PDD) 
measurements of the RSCH linac using an ionisation chamber in water for 6 MV photons and 
BJR tabulated data.
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Figure 5.18 Validation of MC simulations by comparing beam profile measurements for the 
RSCH linac using Gafchromic film and optical fibres in a solid water™ phantom for 6 MV 
photons.
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Figure 5.19 Typical 2D dose distribution in XY plane in FLUKA for 6 MV photons. Note 
that the graded bar to the right indicates the relative change in intensity (covering two orders 
of magnitude).
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5.3.2. Off-Axis Ratio OAR (Beam Profile) at 1.5 cm depth
Beam profiles results are shown in table 5.1 as well as in figures 5.20, illustrating the 
normalised dose against distance from CAX (cm) (the so-called Off-Axis ratio) measured 
with Si02-Ge02 doped fibres and GAFCHROMIC film, together with Monte Carlo 
simulations obtained using the BEAMnrc and FLUKA simulation codes.
Table 5.1 Penumbra and field widths measured with the three detectors and two Monte Carlo 
simulations at 1.5 cm depth
Field size 
(mm)
Fibres
(mm)
Gafchromic 
film (mm)
DOSXYZ
(mm)
FLUKA
(mm)
10x10
FWHM 9.6 ± 0.02 10.0 + 0.01 9.9 10.2 + 0.03
Penumbra 3.0 + 0.12 2.2+ 0.1 2.7 2.9 + 0.08
20x20
FWHM 18.8 + 0.1 20.6 + 0.05 19.5 19.8 + 0.01
Penumbra 2.7+ 0.1 2.6 + 0.19 3.3 4.1 +0.2
30x30
FWHM 29.6 + 0.01 30.6 + 0.04 29.3 30.4 + 0.03
Penumbra 3.5 + 0.09 2.5 + 0.19 3.2 3.4 + 0.07
40x40
FWHM 39.2 + 0.01 40.3 + 0.03 38.9 39.7 + 0.02
Penumbra 3.1+0.12 2.8 + 0.21 3.6 2.6 + 0.2
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Figure 5.20 Beam profiles with SiOi-GeOz doped fibres, Gafchromic film, FLUKA and 
DOSXYZ at 1.5 cm depth in solid water, (a) 40 mm x 40 mm, (b) 30 mm x 30 mm, (c) 20 
mm X 20 mm and (d) 10 mm x 10 mm.
The comparison of FWHM results with DOSXYZ are within the recommended acceptable 
tolerance limit of ± 2 mm (Horton, 2005). Respective comparisons with Gafchromic film 
reveal smaller FWHM widths measured by this system, of by up to -3.3 mm. This might be 
due to the fact that Gafchromic film is affected by manufacturing inhomogeneities and by 
tolerances on the scanning and calibration processes, which have led to reported uncertainty 
in dose determination of ± 8.7% (Hartmann et al., 2010). The comparison of penumbra 
results with DOSXYZ and Gafchromic film was less than 1 mm and 1.4 mm respectively. 
The small size and sensitivity of the optical fibre dosimeters have enabled accurate evaluation 
of both parameters within the system uncertainty. This is considered promising in 
overcoming the small field dosimetry problems mentioned in the IPEM report of Aspradakis 
et al. (2010). Present results can be compared against the performance of a number of 
common commercial dosimeters for small radiation field evaluation, including diodes and 
diamond detectors both of which suffer from directional dependency of up to 3% for diodes
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(Westermark et al., 2000) and up to 20 % for diamond detectors (Laub et al., 2003), being 
critical for radiosurgery techniques. In spite of the fact that small ionisation chambers can 
provide excellent measurement for small fields, they have their limitations with regard to 
their reduced sensitivity (Lee et al., 2002; Francescon et al., 2008) beside their high cost.
5.3.3. Off Axis Ratio OAR ( Beam Profile) at 5 cm depth
Beam profiles were also measured at a depth of 5 cm and an SSD of 100 cm. Figure 5.21 
shows normalised dose to the dose at the central axis measured with SiQ2-GeÜ2 doped fibres, 
2D-Array ionisation chamber, GAFCHROMIC film and Monte Carlo simulation with 
BEAMnrc and FLUKA codes for 10 cm x 10 cm, 4 cm x 4cm, 3 cm x 3 cm, 2 cm x 2 cm 
and 1 cm X 1 cm. To compare between the performance of the detectors, values of the 
penumbra and FWHM were obtained and the Gafchromic film was considered as the 
reference detector. In clinical radiation oncology the penumbra is typically measured using 
one of two methods: the beam fall off points between the 80% and 20% and also that between 
90% and 10% (Leonard, et al., 2007, 2000). The analysed results for FWHM and penumbra 
are shown in table 5.2.
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Figure 5.21 Beam profiles with SiOi-GeO] doped fibres, Gafchromic film, 2D-Array ion 
chamber, FLUKA and DOSXYZ at 5.0 cm depth in solid water: (a) 100 mm x 100mm; (b) 
40 mm X  40 mm; (e) 30 mm x 30 mm; (d) 20 mm x 20 mm and; (e) 10 mm x 10 mm.
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Table 5.2 Field widths and Penumbra measured with the three detectors and also evaluated 
by MC simulation at 5 cm depth. Gafchromic film has been considered to be the gold 
standard reference dosimeter for the nine exercises.
10 cm X 10 cm
FWHM
(mm)
Penumbra 
90-10 (mm)
Difference
in
Penumbra 
90-10 (nun)
Penumbra 
80-20 (mm)
Difference 
in Penumbra 
80-20 (mm)
%
difference 
of FWHM
Gafchromic Film 104.24 9.87 4.07
Ionization Chamber 104.24 No data No data 4.26 0.19 0.00
DOSXYZ 104.33 10.37 0.50 4.52 0.45 0.09
FLUKA 104.7 11.61 1.74 6.45 2.38
Optical Fibre 104.10 10.96 1.09 5.81 1.74 -0.13
4 cm X 4 cm
Gafchromic Film 41.88 7.65 3.69
Ionization Chamber 42.04 6.90 -0.26 4.03 0.09 0.39
DOSXYZ 41.94 7.16 -0.49 3.94 0.25 0.13
FLUKA 42.5 7.88 0.23 4.22 0.53
Optical Fibre 42.20 7.60 -0.05 3.94 0.25 0.76
3 cm X 3 cm
Gafchromic Film 31.42 6.58 3.44
Ionization Chamber 31.52 6.48 -0.10 3.79 0.35 0.31
DOSXYZ 31.28 5.84 -0.74 3.21 -0.23 -0.45
FLUKA 31.2 7.22 0.64 4.22 0.78
Optical Fibre 30.80 5.88 -0.70 3.11 -0.33 -1.97
2 cm X 2 cm
Gafchromic Film 21.00 5.78 3.06
Ionization Chamber 20.88 5.97 0.19 3.76 0.70 -0.55
DOSXYZ 21.00 5.36 -0.42 3.01 -0.05 0.02
FLUKA 20.9 6.92 1.14 4.3 1.24
Optical Fibre 20.70 5.07 -0.71 3.07 0.01 -1.43
1 cm X 1 cm
Gafchromic Film 10.84 4.18 2.47
Ionization Chamber 10.61 4.82 0.64 3.60 1.13 -2.16
DOSXYZ 10.67 4.63 0.45 2.76 0.29 -1.54
FLUKA 11.0 5.3 1.12 3.25 0.78 1.47
Optical Fibre 10.60 4.05 -0.13 2.90 0.43 -2.21
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Figure 5.22 Relative output factors (normalized to 10 x 10 cm square open-field) against 
field size.
Figure 5.22 shows the output factors for 4 cm x 4 cm, 3 cm x 3 cm, 2 cm x 2 cm and 1 cm x
1 cm, compared with the DOSXYZnrc MC values. For the 4 cm x 4cm, 3 cm x 3 cm, 2 cm x
2 cm field sizes, the maximum difference between the measured output factors with the 
optical fibres in making comparison with the values derived from MC simulation were within 
4% whereas differences of -12% are present with respect to the 1 cm x 1 cm field. The latter 
divergence is almost certainly due the volume averaging effect as the fibres were cut to 5 mm 
length, becoming comparable with the field size. It would be entirely possible to use a shorter 
length of fibre down to perhaps 1 mm and this would certainly be expected to improve the 
results.
Similarly, other than for the 1 cm x 1 cm field size, the optical fibre FWHM values agree 
with those of Gafchromic film to within < ± 1 mm for all field sizes. For the 1 cm x 1 cm 
field size it is again more than likely that the issue is the volume averaging effects, a problem 
that increases with reduction in field size. Thus said, the values remain similar to those of 
both the ionization chamber and MC simulation. All penumbra values obtained using the 
optical fibres (for both; the 80% to 20% and also 90% to 10%) agree with that of the
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Gafchromic film to within a maximum difference of 1.74 mm which is comparable with the 
other detectors taking into account the experimental uncertainties of < 2%.
5.4. Conclusion
Investigation has been performed of the potential clinical applications of the Ge-doped SiOi 
optical fibre dosimeter, specifically for small-field, photon radiation dosimetry. Because of 
the incomplete lateral electron equilibrium on the central axis of field sizes < 4 x 4 cm and 
also because of the high dose gradients, it is important to choose a detector of effective size 
smaller than that of the radiation field in order to achieve more accurate and precise 
measurements. In this evaluation, use is made of optical fibres of diameter -1 0 0  pm cut to a 
length of 5 mm.
Comparison has been made of beam profiles measured at 1.5 cm depth in a solid-water™ 
phantom for nominal field sizes of 4 cm x 4 cm, 3 cm x 3 cm, 2 cm x 2 cm and 1 cm x 1 cm 
using Ge-doped SiOz optical fibres and GafChromic film. The measurements have been 
supported by evaluations carried out using MC simulations with DOSXYZ and FLUKA, 
providing validation of the measurement capabilities. The optical fibre measurements of 
FWHM and penumbra agree with the DOSXYZ simulations to within 0.02 and 0.12 mm 
respectively which is within the recommended acceptable tolerance limit of ± 2 mm (Horton, 
2005).
Beam profiles were also measured with Ge-doped SiOi optical fibre at 5 cm depth in a solid- 
water™ phantom. GafChromic film, a 2D array ion chamber and MC simulations with 
DOSXYZ and FLUKA were also used for 4 cm x 4 cm, 3 cm x 3 cm, 2 cm x 2 cm and 1 cm 
X 1 cm. The beam profiles measurements with Ge-doped SiOi optical fibre were compared 
with GafChromic film in terms of FWHM, two methods of measuring penumbra being made 
use of: the beam fall off points between the 80% and 20% and also 90% and 10%. The output 
factors were also evaluated and compared with the DOSXYZnrc MC values. The percentage 
differences in FWHM measurements were between -0.13 for 4 cm x 4 cm and -2.21 for 1 cm 
X 1cm. Comparing penumbra measurements, the difference of 90-10 penumbra 
measurements with Ge-doped SiO: optical fibre and those with GafChromic film is between 
0.05 and -0.13 in mm, whereas the difference of 80-20 penumbra measurements is between 
0.76 for 4 cm X 4 cm and -2.21 mm for 1 cm x 1cm. The comparison of the output factor
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measurements with Ge-doped Si02 optical fibre and DOSXYZnrc Monte Carlo simulations 
show high difference of -12% for 1 cm x 1cm. The high discrepancy that are existed with 1 
cm X 1cm; where the lateral electronic disequilibrium is high for smallest field size, might be 
because the volume averaging effect as the fibres were cut to 5 mm length, becoming 
comparable with the field size. Cutting the fibre to a shorter length down to perhaps 1 mm 
would improve the results
Overall, a Ge-doped SiOi optical fibre TL dosimeter with outer (cladding) diameter of 126 
pm has been shown to be a good candidate for small photon field size dosimetric 
characterisations, overcoming a number of challenges in making such measurements. The 
small size and sensitivity of the optical fibre dosimeters are particularly important features, 
little challenged by other passive 1-D dosimeter systems.
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Chapter 6
6. Conclusions and Future Work
6.1.Introduction
Modem cancer radiotherapy treatment techniques have greatly increased the demand for 
more accurate dose calculation tools, together with better target- and organs-at-risk volume 
delineation and precise delivery of these special procedures (Ramli et al., 2009). In this 
project, adventitious use has been made of a commercial silica-based telecommunications 
fibre as an unintended TL dosimeter. First of all, its radiation response was characterised 
prior to it being investigated for use in evaluating the efficacy of a high atomic number 
conversion medium as a photoelectron dose enhancement technique. Such investigation 
demands a small dosimeter with high spatial resolution, also minimising radiation dose 
perturbations close to media interfaces. Subsequently it was investigated as a dosimeter for 
small-field photon radiation dosimetry, not least because of the increasingly popular 
application of small fields in radiotherapy treatment, including the treatment modalities 
known as intensity-modulated radiation therapy (IMRT) and stereotactic body radiation 
therapy (SBRT). Here many challenges exist, including lateral electronic disequilibrium and 
partial occlusion of the direct photon beam source.
In the following sections a concluding summary will be made of the advantages and 
limitations in using this form of dosimeter, as well as pointing to the possibility of further 
improvement of the approach in future work.
6.2.Characterisation of Ge-doped SiOz Optical Fibres for Dosimetry
Study has been made of commercially available Ge-doped optical fibres provided by 
CorActive (Canada), use being made of samples with 8-, 11- and 50 pm core dopant 
diameters. Additionally, use was made of 23 pm core dopant diameter fibres produced by 
The Indian Glass and Ceramic Research Institute.
Acknowledging the reality of inhomogeneous distribution of Ge dopant along the length of 
the fibre core, and with this an associated substantial variation in TL yield, the fibres were 
screened for approximately uniform response by irradiating them to a fixed dose. For this, use
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was made of a (beta emitting) source (activity 114.4 MBq). The fibres were irradiated 
within a carousel (Lenco, Switzerland), the source-carousel arrangement being situated in the 
Radiation Laboratory at the University of Surrey. With this, selection was made of those 
fibres offering sensitivity to radiation that were within one standard deviation of the mean TL 
response to the chosen fixed dose. Using these selected fibres, dosimetric characterisations 
were then carried out for energy dependence, linearity and glow curve.
In regard to the above, fibres of core dopant diameters, 8,11 and 50 pm, were irradiated to a 
wide range of doses (1 to 30 Gy) using kilovoltage photon beams (at accelerating potentials 
of 80 kVp and 250 kVp). The results show that within this energy and dose range, the Ge- 
doped SiOz optical fibres offer a highly linear response to dose, with as an instance the TL 
yield increasing by 99% and 90% per additional IGy of dose for 50 pm and 8 pm core fibres 
respectively. Further, the TL response for 50 pm core fibres, in counts per second per unit 
mass of fibre, has been found to be 39 times greater than that obtained for 8 pm core dopant 
diameter optical fibres. This is expected, the relative number of dopant atoms for the two core 
diameters being of the same approximate order of magnitude (viz. 50^/8^ = 39). The 
consequence is that the TL yield obtained for 1 Gy of dose delivered to the 8 pm core dopant 
diameter fibre is 39 times less than that obtained with an optical fibre of 50 pm core dopant 
diameter. An alternative way of representing this observation is that with an optical fibre of 
50 pm core dopant diameter the TL yield observed for an 8 pm core fibre is now obtained for 
a dose of only 25.6 mGy. This leads to the suggestion that larger core-dopant diameter fibres 
begin to offer a sensitivity that can be used in measuring doses delivered in diagnostic x-ray 
and nuclear medicine procedures.
Glow curves were also characterised, showing dosimetric peaks at a temperature of ~ 270°C. 
Comparison has been made of the glow curves obtained at a fixed dose at 80 kVp and at 250 
kVp, The TL response of Ge-doped SiOz optical fibres irradiated by x-rays at an accelerating 
potential of 250 kVp has been found to be some 6 times less than that obtained at 80 kVp. 
This clearly reflects the higher efficiency for energy deposition at 80 kVp compared to that at 
250 kVp (Chen and W.S.McKeever, 1997).
The dose linearity of Ge-doped SiOz optical fibres with 11-, 23- and 50 core diameters was 
also investigated, use being made of 6, 10 and 15 MV photons, these being the values of 
accelerating potential most typically used for photon production from linear accelerators at
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the Royal Surrey County Hospital (RSCH), Doses of between 1 to 4 Gy were used. The fibres 
have shown a good linear response as represented by TL yield, for all three core-dopant 
diameters. The TL yield reduces with energy by a factor of 2 in changing from 15 MV to 6 
MV. Here it is to be noted that for photons obtained at MV values greater than 10 MV there 
is a potential for photo-neutron production, with silica fibres having the capability to detect 
such neutrons (Noor et al., 2011).
6.3.Dose enhancement due to high-Z media using optical fibre TL dosimeters
Investigation has been made of the potential of a Ge-doped SiOz optical fibre for interface 
radiation dosimetry involving the use of iodinated contrast medium and nano-scale gold 
layers that generate photoelectrons to enhance the dose. To study dose enhancement using 
iodine contrast agent, the selected 50 pm optical fibres were irradiated in a specially designed 
cube phantom made from polymethylmethacrylate (PMMA). Use was again made of x-rays 
generated at 250 and 80 kVp. As a result of the presence of the iodine (Z = 53), the dose has 
been found to be enhanced by 14.6% ± 0.6% and 66.8% ± 0.5% for 80 kVp and 250 kVp 
photons respectively, with in the latter case a significantly larger fraction of the photons 
exceeding the K-shell absorption edge than that found at 80 kVp.
Further dose enhancement study was made using gold coatings to Ge-doped SiOz fibres. The 
gold (Z = 79), 99.99% purity, was coated on to the fibres using a turbo sputter coater 
(Quorum Technologies Ltd., UK), producing fibres with thicknesses of gold of 20,40, 60, 80, 
100 nm. Using the GULMAY orthovoltage X-ray unit operated at 250 kVp, the coated 50 pm 
optical fibres were irradiated in a specially designed Perspex phantom to a dose of 3 Gy. To 
generate photoelectrons the incident photon energy must be equal to or greater than the K 
shell binding energy. Therefore, as the average x-ray energy of the x ray beam spectral 
distribution is around one third of the maximum energy (Khan, 2010), the energy of a large 
fraction of the photons within the 250 keV spectrum are around the K-shell binding energy of 
Au (80.7 keV), being sufficient and efficient in knocking out K-shell electrons of the gold 
layers. To investigate reproducibility, three identical gold-coatings Ge-doped SiOz optical 
fibre experiments were carried out, evaluating the fibre as a dosimeter in measuring dose 
enhancement due to different thicknesses of gold. Subsequent to exposure, to allow read-out 
of the TL yield, the gold coating to the fibres first needed to be removed, allowing TL light to 
be transmitted to the TL reader photomultiplier tube. Three different methods for gold
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removal were investigated: (i) the use of potassium iodide solution; (ii) the use of aqua regia 
solution and; (iii) the use of an ultrasonic bath. To verify the experimental results for the Au- 
coated fibres, Monte Carlo simulation was also carried out using two codes, FLUKA and 
DOSRZnrc. The dose enhancement factor (DEF) for a given thickness of coating is 
calculated as the ratio of dose deposited in the gold coated fibre divided by the dose deposited 
in the uncoated fibre. The experimental and simulation results are in good agreement up to a 
coating thickness of 80 nm, producing a DEF of some 1.6% nm"^ of gold coating using 
presently reported conditions. The greatest dose enhancement factor (DEF) was found to be 
that for an 80 nm thickness, the dose being enhanced by 134 % ± 1%. Use of the two codes 
also leads to agreement between results of the two codes to within 5 %. However, for a gold 
coating of 100 nm, it is apparent that the experimental and MC simulation results diverge, 
there being an unexpected reduction in experimental DEF. This has been shown through use 
of optical microscopy and scanning electron microscopy (SEM) to be due to incomplete 
removal of the gold coating.
In spite of the use of all three techniques to remove the gold, incomplete removal of the 
thickest gold coating layer (100 nm) was found to prevail. Thus said, it is clear that use of the 
potassium iodide solution has been the most effective means in removal of the gold layers, 
closely matching to within 5 % the TL yield obtained comparing with MC simulation for all 
thicknesses except 100 nm. The aqua regia treatment resulted in a greater reduction in 
measured TL signal, tending to both soften the fibres as well as causing opacity of the fibre 
surface, leading to increase in the light scattering at the surface. Use of the ultrasonic bath 
technique caused an increase of the bath temperature, with potential enhanced fading of the 
TL signal.
In looking forward, there are many clinical radiotherapy treatment applications that would 
greatly benefit from use of the high-Z photoelectron dose enhancement technique and Ge- 
doped SiOz optical fibre evaluation combination. One such possible applications is use of the 
arrangement in evaluating the dose that would result from external x-ray beam treatment of 
an inflamed synovial membrane (a condition of rheumatic arthritis) overcoming some of the 
issues in use of chemical and radioactive materials. These arrangements would concern the 
safe use of contrast medium and metallised nanoparticles in which they would be foreseen to 
be loaded in the treated volume and then irradiated with kilovoltage energy x-rays. To allow a 
significant photoelectric cross section contributions from the ejection of K shell electrons, the 
spectrum of the x-rays would need to have been produced at a sufficiently large accelerating
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potential. This effect produces photoelectrons, characteristic x-rays and Auger electrons, with 
associated high linear energy transfer (> 11.5 keV pm"^) and short range that localize the 
dose enhancement within the treatment area (Mesa et al., 1999, Rahman et al., 2009). The 
analogue gold coated fibre TL measurement technique has been established in association 
with Monte Carlo methods to verify the delivered dose in such thin targets. The technique 
avails itself to study of DBFs for other metallic element coatings such as platinum (Z=78). In 
this context it is to be further noted that as with gold, there are a number of platinum-based 
chemotherapeutic agents that are presently being used to treat neoplastic turmours. Hence the 
use of these in combination with external irradiation would likely produce an even greater 
local therapeutic effect. It is necessary however that the dose be accurately measured; the Ge- 
doped Si0 2  optical fibre provides for considerable versatility in making such assessments.
6.4.TL Response of Ge-Doped SiOi Fibre for small field photon dosimetry
The second main investigation to this thesis has been study of the performance of the Ge- 
doped SiOi optical fibre for small-field, photon radiation dosimetry i.e. for field sizes < 4 x 4  
cm. For such small field sizes many challenges are presented, including incomplete lateral 
electron equilibrium on the central axis of such fields and also in coping with the high dose 
gradients; therefore, it is important to choose a detector of an effective size smaller than that 
of the radiation field in order to achieve the desired accuracy and precision of measurements. 
In this respect, optical fibres of diameter - 1 0 0  pm cut to a length of 5 nun have been 
evaluated herein. The dosimetric parameters that have been investigated are: (i) the off axis 
ratio OAR (beam profile) and; (ii) the total scatter factor (Sc,p)/ Relative output factor ROF.
Experiments have been carried out at two depths in a solid-water™ phantom at 1.5 cm and 
5.0 cm depth for nominal field sizes of 4 cm x 4 cm, 3 cm x 3 cm, 2 cm x 2 cm and 1 cm x 1 
cm. The measurements have been then evaluated by carrying out MC simulations with 
DOSXYZ and FLUKA, providing validation of the measurement capabilities. The Monte 
Carlo model was first validated in terms of beam profile and percentage depth dose (FDD) 
measurements for a 10 cm x 10 cm field size (a standard field size) at 6 MV photon energy. 
MC results have been compared against BJR published data (Joint working partly of British 
Institute of Radiology and the Institute of Radiology and the Institute of Physics and 
Engineering in Medicine and Biology, 1996) as well as Royal Surrey County Hospital
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commissioning data obtained using photon diodes and an ion chamber. The MC simulations 
have been found to be in good agreement with the BJR and RSCH commissioning data, to < 
1% difference. In regard to measurements, at 1.5 cm depth, comparison has been made using 
Ge-doped SiOz optical fibres and GafChromic film compared against MC simulations at 6 
MV. The measurements have been made for Full-Width Half-Maximum (FWHM) and the 
penumbra which herein has been defined as the distance over which the dose falls fi*om 80% 
to 20% of the central-axis dose. The optical fibre measurements of penumbra and FWHM 
agree with the DOSXYZ simulations to within 0.12 mm and 0.02 respectively which is 
within the recommended acceptable tolerance limit of ± 2 mm (Horton, 2005).
Ge-doped SiOi optical fibre measurements of beam profiles at 5 cm depth in a solid-water™ 
phantom were compared with results obtained using GafChromic film, a 2D array ion 
chamber as well as with MC simulations with DOSXYZ and FLUKA. The measurements of 
beam profiles with Ge-doped SiOi optical fibre were compared with GafChromic film in 
terms of FWHM and penumbra which has been defined herein using two methods, the beam 
fall off points between the 80% and 20% and also 90% and 10%. The output factors were 
also compared and evaluated with the DOSXYZnrc MC values. Ge-doped SiOi optical fibre 
FWHM measurements agree with GafChromic results by between -0.13% for the 4 cm x 4 
cm field and -2.21% for the 1 cm x 1 cm field. Comparing the penumbra measurements, the 
difference for the 80-20 penumbra measurements lies between 0.76 mm for the 4 cm x 4 cm 
field and -2.21 mm for the 1 cm x 1 cm field; the difference for the 90-10 penumbra 
measurements with Ge-doped Si02 optical fibre and those with GafChromic film is between 
0.05 mm and -0.13 mm.
Comparing the Ge-doped Si02 optical fibre output factor measurements with DOSXYZnrc 
Monte Carlo simulations reveals a greatest difference of -12% for the 1 cm x 1 cm field. Such 
divergence is almost certainly a result of the volume averaging effect for fibres that have 
been cut to 5 nun length, becoming comparable with the field size and for which the lateral 
electronic disequilibrium is significant. Therefore, cutting the fibre to a shorter length down 
to perhaps 1 mm would be expected to greatly improve the results.
To conclude, for small photon field size dosimetric characterisations, a Ge-doped Si02 
optical fibre TL dosimeter with outer (cladding) diameter of 126 pm has proven to be a good 
candidate dosimeter, overcoming a number of challenges that accompany such
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measurements. The small size and sensitivity of the optical fibre dosimeters are particularly 
important features, little challenged by other passive 1-D dosimeter systems.
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